
UNCLASSI FIED'

AD 204 659

ARMED SERVICES TECHNICAL INFOMATON AGENCY
ARLINGTON HALL STATION
ARLINGTO)N 129 VIRGINIA

UNCLASSIFIED

1ý -7 -n7n



DISCLAIMIt NOTICE

1Q~000

THIS DOCUMENT IS BEST

QUALITYAVAILABLE* THE COPY

FURNISHED TO D¶IC CONTAINE

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



J4

NOTICE: When gover-ment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have fonmulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.

T-P"OEM.. ... .. ..,--.



TANDEM PROPELLER SUBMARINE

q~g OFFICE OF NAVAL RIESEARCH
-MATHEMATICAL SCIENCES DIVISION

CEPARTMENT OF THE NAVY

Mq A TH EMATO CAL S.C IE CS.V O

IQ

FINAL REPORT - PHASE I

Or. D.C. Cleeb end F. DellAmico
CAL Repwt No. AG-1634-V-2
August 1962

I

CORNELL AERONAUTICAL LABORATORY, INC.

I OP COM[LL uftVStRIIT'V. OUPPALO *t., f V

1.



St CORNELL AERONAUTICAL LABORATORY, INC.

Buffalo. New York

PHASE I - FINAL REPORT

ON THE

HYDRODYNAMICS & STABILITY & CONTROL

OFA
TANDEM PROPELLER SUBMARINE

CAL REPORT NO. AG-1634-V-2

August 1962

Prepared for
Office of Naval Research

Mathematical Sciences Division
Department of the Navy

iiWashington, D. C.

Prepared by: D. C. c4 k
D. C. ClarkI. Research Engineer

Prepared by: I an Appro;-ed by o.
F. Dell'Amico L.Segu
Section Head Assistant Dept. Head
Vehicle Dynamics Dept. Veh-cle Dynamics Dept.!

I

-~ - - -X7 #~=a~~--- ~ t >~*



i
I
I

II
I

FOREWORD

"This report describes the work Performed by the Cornell Aeronautical Labora-
"tory, Inc. under Contract Nonj.-365r(00)(FBM), sponsored by the Office of

Naval Research of the Dcpartrqezt of the Navy. The time period of the contract
ran from 16 October 1961 to 20 August 1962. The program is being conducted
under the general direction of Oclr. F. R. Haselton, Code 466, and R. Cooper,

Code 438, of the Office of Nav;Xl Research.

The authors wish to express their gratitude to Messrs. E. F. Schroeder and
L. Segel (Vehicle Dynamics Dep~rtrrent, CAL) for their contributions to the
stability and c:ontrol studies, tkrs to Messrs. 0. Tufts, F. DuWaldt and

E. Sullivan (Applied Mechanics Iepartrnent, CAL) for valuable assistance in

the hydrodynamic studies.
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ABSTRACT

Hydrodynamic and stability and control characteristics are investigated for a

novel submarine configuration employing tandem, large hub-to-diameter ratio

propellers whose blades can be pitched both collectively and cyclicly. The

propulsion and lateral control forces which can be produced by the propellers

at very low forward speeds (including zero) are defined by means of simple

blade-element theory that includes, however, the effects of propeller-induced,

axial inflow velocity. The resulting analysis is employed to investigate the

problem of trimming the suibmarine at hovering speeds.

An earlier analysis of stability and control at high speeds was continued and

extended. The anali sis indicates that the TPS can be stabdized an-! controlled

at high speeds. Maneuvering performance in the pitch-plane is equivalent to

that of a conventional submarine except that a higher percentage of the total

available control effectiveness must be used in performing diving maneuvers.

It is found tha the minimum turning radius of the TPS, when operating at high

speeds, is approxima.ely five times greater than that of a conventional sub-

marine, as a result of the requirement for usinv part of the control effectiveness

for stabilization purposes. As operating speecds are decreased, however, the

turning perforniance of the TPS becomes markedly superior to that of the con-

ventional submarine.

In addition to tu-pr,,peller operation, stability and control is investigated for

off-design conditions, with either the fore or aft propeller operating as the

active control element

AC - 1,3 H- V -
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I INTRODUCTION

I
In October 1961 the Cornell Aeronautical Laboratory, Inc. undertook to inves-

tigate the hydrodynamic and stability and control aspects of a novel submarine

configuration utilizing variable-pitch, large hub-to-diameter- ratio propellers.

The configuration, invented by Cdr. F. R. Haselton of the Office of Naval

Research, employs two propellers mounted circumferentially (forward and aft)

on a neutrally buoyant body of revolution, to produce any combination of forces

and moments. By means of this arrangement, which has been called a Tandem

I° Propeller Submarine (TPS), it is possible to produce control forces in three

- degrees of freedom, or control moments in three degrees of freedom, as well

as combinations of these forces and moments.

The work undertaken by the Cornell Aeronautical Laboratory has as i.ts basic

objectives (a) the theoretical determination of the hydrodynamic characteris-

tics of the tandem-propeller configuration, (b) an investigation of the trim and

stability and control characteristics of the controlled submarine, and (c) a

comparison between the TPS and a conventional submarine with respect to

stabtlity and control characteristics and handling qualities.

A

I IAG-l1634-V-Z



Certain of these objectives were partially achieved and reported upon in Refer-

ence 1, entitled "First Interim Report on the Hydrodynamics and Stability and

Control of a Tandem Propeller Submarine.' Reference h contains a large portion

of the general results of the entire program and will be frequently referred to

in what follows. The present report covers work accomplished since the

publication of Reference I and should be treated as a continuation of that report,

since it has not been considered practical to attempt to repeat her-ein the bulk

of the material presented in the earlier document. (It should be ,.oted however

that some of the key figures and the terminology are repeated in section UI. )
Accordingly, the reader will profit by reviewing Reference 1, especially the

section on stability and control (Section VII). For those who cannot, the section

entitled "Summary of Conclusions" is taken verbatim from Reference I and

repeated below in the hope that it will help bridge the gap between Reference 1

and this report.

(1) Analysis of the stability coefficients for the high-speed case

shows that, in comparison with conventional submarines, the

gains in control effectiveness achieved at low and zero speeds

(plus the gain in control flexibility) are obtained at a sacrifice

of high-speed control effectiveness.

(2) The TPS is dynamically unstable in pitch, unless control forces

and moments are applied to modify and eliminate this instability.

The instability arises primarily from the large unstable pitching

moment due to angle-of-attack ( /A, ) relative to the [Ž-vels of

damping in pitch (/AI ) possessed by the TPS.

(3) The divergence in pitch motion, due to Instability, is sufficiently

severe to require automatic stabilization in contrast to manual

stabilization.

(4) Although other types of stab:liz:ng feedbacks were investigated

for use in an automatic pitch-control system, simple pitch-rate

and pitch-angle feedbacks were found to be effective. Well-

AG- It,34-V-Z
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I

damped pitch-angle responses to pitching moment control inputs

I can be obtained in about 60 seconds. Corresponding steady-

state dive or climb rates of about 6 ft/ sec are easily achieved.

I These figures do not represent maximum achievable performance.

(5) An analog computer investigation shows that the level of the

command control inputs must be limited to keep the propeller

blade angles of attack within their stall limits when cyclic and

I collective pitch are used for automatic stabilization. Computed

feedback-loop gains that originally appeared to be so large that

I continual satura'lion of the cyclic-pitch control would result,

were found to be acceptable, provided limits were placed on

maneuver demands.

(6) Although an investigation of the yaw-plane dynamics has not been

I completed it is probable that conclusions, similar to those given

above for pitch, will eventually be reached.

(7) It has been shown that within certain speed limits it is possible

to trim the TPS in high-speed, straight and level flight, with

one propeller fixed and one operating. Speeds of about 15 knots

can be achieved with a single propeller operating at 50 rpm.

I (An investigation of the problem of maneuvering the TPS with

one propeller operating rema:ns to be completed. It is antici-

Spated that this control mode wiil present a serious problem.)

(8) With respect to the overall stab:lity and control problems, the

tentative conclusion is reached that automatic control of the TPS

submarine is feasible. Compari on with a conventional sub-

I marine has not yet been made nor has the question of handling

qualities been examined fully.

3 AG- 1b-1-V-2



The present report is devoted, in the main, to the following topics:

(a) A theoretical development (started in Ref. 1) of the hydro-

dynamic forces/moments produced by the tandem

propellers in low-speed flight, including hovering (inflow

velocity is taken into consideration, but cascade effects,

swirl and propeller interaction are not).

(b) A brief investigation of trim operation at low-speed.

(c) Stability and control studies of the pitch and yaw plane

dynamics at high speed. (This work is comparable to the

pitch-plane studies reported in Reference I and, in fact,

is a logical continuation of that work.

(d) A discussion of the predicted handling qualities (limited

to unpiloted, controlled-vehicle performance) of a TPS

configuration, including a comparison between a TPS and

a conventional submarine.

(e) A brief investigation of the influence of hovering and high-

speed maneuvers on control linkage resolution.

A summary of the results that have been obtained and of the conclusions drawn

to date for the entire program is given in Section IIL Recommendatiuns for

future work are discussed in Section VIII.

AG- lt34-V-2 4
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I SUMMARY OF RESULTS AND CONCLUSIONS

FI

Results and conclusions based on work performed prior to 25 March 1962 were

reported in Reference I and repeated in the Introduction (Section I). Results

and conclusions, based on work accomplished since the publication of Reference I

are given below.

(I) The previously presented hydrodynamic analysis for the low-speed

(and hovering) case has been refined and brought into conformity

with the nomenclature and symbology of Reference I and this

report. The complete set of equations describing the forces/

moments produced by the propellers on the hull are given in

1 lable 4. 1-I. These equations include the effects of propeller-

induced axial-inflow velocity, but not the effects of blade cas-

cading, swirl and propeller interaction. The validity of the

equations in Table 4. 1-1 is subject to these limitations.

1 (2) The above equations have been reduced to a set of approximate

force/moment coefficientb (!ee Table 4.1-2) that yield the pro-

I peller forces/moments, at zero speed, as a function of the

motion variabies *'. W . .'I-, and the blade-angle

I components 4. 6, and il (collective, sine-cyclic, and

cosine-cyclic pitch respectively). These coefficients are sub-

ject to further limitation that 5, be small ( Z ,tbuut 0. 1 rad)

and that S/ and Sibe small relative to 1-.

I 5 AG- ,34-V- 2
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'3) Trim operation at zero and nearly zero forward speeds was inves-

tigated in connection with the production of pure sideforce under

these conditions. It appears that the production of pure sideforce,

at zero forward speed, cannot be accomplished with zero collective

pitch in the propellers and that counter-thrusting collective pitch

must be used. Under the restrictions given in (2) above Y and

velocities of about 0. 1 ft/sec (.A '! I rad/sec) and . 5 ft/sec

(-L. ~'5 rad/sec) can be achieved. !n performing pure transla-

tional maneuvers at very low speed, coupled forces/moments

exist, but they are generally quite small and it should be possible

to null them out by proper control action.

(4) It has not been possible to accomplish any significant work in the

general area of six-degree-of-freedom stability and control at

low (and very low) forward speeds. It is anticipated that this

work will be accomplished at some fzture date, with the aid of an

analog computer simulation (see Section VIII).

(5) At high forward speeds, the proposed TPS configuration is capable

of maximum diving rates comparable to a conventional submarine

of the Albacore class. These large depth rates, however, require

about 220s of the available control pc-x-:r compared with about 8%

in the case of the Albacore.

(6) At high forward speeds direct-axis feedback stabilization is

desirable in both yaw and pitch plane maneuvers. Pitch angle

and depth rate are most effectively controlled by ordered pitching

morient control (S-MC). 'aw rate ;s most effectively controlled

by ordered yawing moment contro! (•L). i -force and Y-force

commands (7 and •,a ) require excessive propeller blade angles.

(7) Nonlinear control coupling effects are negligible in the yaw and

pitch planes at high forward speeds.

~ t~~'
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(8) The yawing moment duae to roLl rate and sideforce due to roll rate

I derivatives (A and Yr respectively) are negligibly small, thus

eliminating yaw plane stability dependence on roll coupling and

I separating the yaw plane from the roll plane in all staIltIf'alC-u-

lations at high iorward speeds. Conversely, the rolling moment

due to yaw rate and side velocity derivatives ( &-,.u and 4- ) are

not negligible and the roll behavior of the submarine is affected

i by yaw plane motions.

(9) Stable, easily controlled, submarine yaw plane motions result

from single propeller operation at high forward speeds when the

forward propeller is disabled. Conversely, when the aft propeller

is disabled, yaw plane instability occurs for feedback gains that

I produce well-behaved, two-propeller submarine responses. Very

large feedback signals are necessary to achieve static stability

i when the aft propeller is disabled, and the dynamic response of the

submarine is totally unsatisfactory. Additional stability augmenta-

I tion through feedback control is not possible in this case, iequiring

modification of stability derivatives (through the use of auxiliary

I control surfaces, for example).

(10) Gyroscopic coupling between the pitch and yaw planes, resulting

from unbalanced propeller operation, is negligible at high forward

speeds.

G (11) With respect to overall stability and control problems the general

conclusion is reached that automatic control of the TPS submarine

is feasible. Limited cormiparisons with a conventional submarine

have been made and no drastic differences in pitch-plane maneu-

vering performance have been found for the high forward speed

I case. There is. however, a significant difference in the percentage

of total available hydrodynamic forces available which must be

used to perform certain maneuvers, the TPS requiring higher

percentages than a corivention;Ll submarine. As a consequence

I maximum yaw-plane responses are some%%hat less than those of

I AG- 1t3.1-V-Z
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a convertion-al Qublnarine. Thecke high-stieed limitations on TPS

maneuverability are not serious, however, because the operation

of the TPS is such that turning maneuvers can be performcd at

low speeds, where the propeller forces and moments can be used

to greatest advintage.

(12) A preliminary investigation of the influence of maneuvering

requirements on blade-pitch angle resolution reveals that the

high speed case will probably determine resolution. For example,

in order to change forward speed by one ft/sec a resolution on

collective pitch, go , of about 1" is needed. To change steady-

state dive angle by I* a resolution on sine-cyclic pitch, - of

about 0. 20 is needed. The requirement on the resolution of

cosine-cyclic pitch, Si. , does not appear to be as stringent as

that on sine-cyclic pitch.

AG- I t•3-4 '
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SYMBOLS AND NOMENCLATURE

The symbols and nomenclature used in this report are, for the most part,

those used in Reference I. For convenience these are repeated here, along

with new symbols, in Table 3-1.

The postulated TPS configuration, ,the blade pitch-angle geometry, and the

physical constants associated with the postulated configuration are also those

of Reference I. These data are repeated in Figures 3-1 and 3-2 and Table 3-2.

AGo- 16 14, - V-.
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TABLE 3-I Symbols and Nomenclature

Symbol Description Units

L= Max. hull diameter (or drag coefficient' ft (dimensionless)

f Fineness ratio = I/d

19 Length of submarine ft

Distance, fore point to c. g. ft

2± : Distance, prop. plane to c.g.
(2 "carries no sign) ft

Metacentric height ft

S= Submerged displacement (= Weight) lbs [
R Average propeller radius ft

D Average propeller diameter ft

l = Number of blades per propeller

A Blade area ft 2

_I. = Blade angular velccity (1M carries no sign) rad/sec

1. - Blade angular velocity (yj carries no sign) rev/sec

C -- Lift coeff:cient (the symbolC is some-times used)

CC, Profile drag coefficient (the symbol d is
sometimes used)

Induced drag coefficient

Flight path angle of the blade (see Fig. 3-2) rad

Blade ang!e-of-attack (see Fig. 3-2) rad

g Total mnstantaneous blade pitch
(see Fig. 3-2) rad

Collective pitch (see Fig. 3-2) rad

- Change in col!ecivc pitch (bee Fig. 3-2) rid

AG- 1,,34-V--2 10
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Symbol De!scrptw Units

4o Blade angle of attack due to collective
pitch ( & ,f : rad

Blade azimuth angle in plane of prop.
(see Fig. 3-2) rad

SI, O•. Sine component of cyclic pitch rad
(see Fig. 3-2)

51 CoS 0'- Cosine component of cyclic pitch
(see Fig. 3-2) rad

a. 6 Dimensionless constants used to define
inflow velocity

Total velocity of c.g. ( L 7r0 Wi'W-2 ,W 2  ) ft/sec

A. = ,Z -component of velocity
(perturbation = L. ) ft/sec

-component of velocity
rperturbation = r" ) ft/sec

J. -component of velocity

(perturbation = 7 ) ft/sec

p ,r-component of.total angular velocity
(perturbation = 4 ) rad/sec

0 -component of total angular velocity
erturbation = ý ) rad/sec

J-) 71 3, -component of total angular velocity
(rturbaton = P ) rad/sec

V Blade velocity relative to water
(see Fig. 3-2) ft/ sec

Tangential component of V ft/ sec

I - Axial component of V ft/ sec

I Propeller-induced (axial) inflow velocity ft/sec

e-2 Coefficients of accession to mass along
dimensionless

around _.y.. dimensionl,-ss

I 1AG- I13.1-V--'
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Symbol De,;c ription Units

m Mass of submarine #-sec2 ft

Virtual -nass along X = , /-**; ) 4-sec /ft

Virtual mass along, = -ei{i÷• 2 ) #-sec 2 /ft

r= Vitual mass along j = "4 Kl* tr) 0-sec/ ft

1w 4-b a Submerged moments of inertia about z•'f'0 #-ft- sec

Virtual moment of inertia about,(=-1.(/('•) #ftse-r

z2 4 )0 -sec
4*'= Virtual moment of inertia abou-v.ztr. f$s) #-ft-s 2

JJ.t = Virtual moment of inertia aboutJ-•o6÷A•) #-fte2

H = Propeller angular momentum I-ft-sec

= Water density #-sec 2 /ft 4

= Trim thrust available frorr one propeller 0

i•o = Trim moment of one propeller ft-#

O= Trim propeller power hp
Metacentric pitching momt..t coefficient

ft-#f rad

Xc- )• c Control (propeller) forces (h€-s'peed)

A'c-iAc-C NC Control (prcpeler) moments (hi-speed) #-ft

L5- Comb:ned propeller and hull hydro-
dynamic and hydrostatic forces (h,-speed) #

•K- M- ,€/V = Combined prcpe!ler and hull hydro- f-ft
dynamic and hydrostatic moments (hi-speed)

Xp- Yp- 2p = Total propeller forces (low-speed) #

K/2 pM -,P =Vp Total propeller T-•f- mo-nents
(low- speed) ft-0

AG- 1'3-1 V-Z 12
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Symbol Description Units

I
Y I Dimensionless A -force derivative due to

- Dimensionless -force derivative due to

=Y/ Dimensionless -force derivative due to

Tp - Dimensionless i-force derivative due to

= Dimensionless J-force derivative due to9S= imensionless -force derivative due to

D Dimensionless -moment derivative due to Fr

- Dimensionless K-moment derivative due to

Dimensionless Z-moment derivative due to

- Dimensionless i-moment derivative due to

I Dimensionless Y-moment derivative due to
/VMi - Dimensionless J'moment derivativ- due to

IVA. - Dimensionless i-moment derivative due to (p'

(Yr - Dimensionless j -moment derivative due to

/V; Dimensionless ; -moment de rivative due to

XP Dimensional X-force derivative due to _ ift per sec

, IP Dimensional e-force derivative due to El-rad per sec

= Dimensional i-force derivative due to if lift per seo,

YP= Dimensional -force derivative due to l i/rad per sec

zDimensional -~force derivative deto 0!ft perse

Dimensional -~force derivative du;e to #1 v;-ad per s~c

Ali of the primed derivatives and the p superscr:pted derivatives &pp'y to
the high-speed case only. These are hull and propeller derivatn es respect-'..•,..

* • T)t P subscript denotes perturbations with respect to propeller axes.
Proteller axes are parallel to body axes but with )r:gin at x
iorwxrd and aft.

I
S1 3 .\G - '.. , 4--
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Symbol Description Units

= Dimensional X-moment derivative due to #-ft/radper sec

If"P Dimensional Z-moment derivative due to 4.ý #-ft/ftpersec

-' Dimensional •-moment derivative due to a# #-ft/radpersec
=Dimensional 7 -moment derivative due to #-ft/ft per sec

-;P Dimensional •-moment derivative due to 2 #-ft/ft per sec

V; = Dimensional P-moment derivative due to *P #-ft/rad per sec

F,- F,- I§-'t -4- - components of lift and drag,
prop. axes 

#
F~r Tangential force at average radius #

I•-•I•-i x-y-'Y components of moment, prop. axes # -ft-J

D )Lift and drag forces

Dimensional X -force propeller coefficient* #/rad
due to &S*

= Dimensional X-forcc. propeller coefficient #/rad -.
due to (&.r)

Xs Dimensional X -force propeller coefficient 4/rad2
due to 1 f" or 1,2-

= Dimensional .- force propeller coefficient #/raddue to 92.

=S. Dimensional -force propeller coefficient #/rad
due to

Zt Dimensional -force propeller coefficient #/raddue to •

Dimensional -force propeller coefficient 0/rad2

due to &S S,

All of the propeller coefficients given in this table apply to the high-
speed case.

AG- It'34-V-2 1
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Symbol Description Units

KA• Dimensional X -moment propeller #radKAS coefficient due to Ag,

2 Dimensional X -moment propeller 0/rad2

coefficient due to or aJ:"

• . = Dimensional X -moment propeller / rad2
coefficient due to

j- Dimensional W-moment propeller /rad
coefficient due to S,

4 Dimensional ,.-moment propeller #/rad
coefficient due to F2.

Dimensional -mom ent propeller #/rad2

coefficient due"to as'.

[ Dimensional Jr-moment propeller #/rad
coefficient due to 9.

IV, = Dimensional r-moment propeller #/rad
coefficient due to S/It= Dimensional r1-moment propeller #/rad2

coefficient due to 6s..rt

. T Propeller thrust parameter nondimensional

SPropeller torque parameter nondimensional

A p Propeller power parameter nondimensional

SP 7- Power ft-#/ sec

P Power hp

6D Nordimensional power

•_ Propeller thrust coefficient no:admcnsional

Propeller torque coefficient nondimensional

f = tan (used in Ref. I " ) nondrnmcnsion.al

I
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The symbols given below are used only in Section 7. 2 and are consistent with

the terminology of Reference 1. Terms not defined in Reference I are defined

below.

Symbol Description Units

= Direct-axis side-force equation
feedback gain sec/ft

K Direct-axis yawing moment equation
feedback gain sec

= Direct-axis rolling moment equation
rate feedback gain sec

= Direct-axis rolling moment equation
position feedback gain

k Yaw rate into sideslip velocity decoupling
feedback gain sec

X = Roll rate into sideslip velocity decoupling
feedback gain sec

= Side slip velocity into yaw rate decoupling
feedback gain sec/ft

K= Roll rate into yaw rate decoupling feed-
back gain sec

Yaw rate into roll position decoupling
feedback gain sec

Sidesl-:p velocity into roll position
deccupling feedback gain sec/ft

Propel!er inertia lb ft sec 2

$ Laplace transform variable rad sec

AG- 1j34-V-2 t -
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I

Symbol Description

II absolute value

I Dots over symbols signify time derivatives

Subsc ripts-

I ., aft

I f forward

C ordered or commanded value

[ 5 steady-state

C propeller control forces/moments
(high speed)

A

I
i
I
1
I

I
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FIGURE 3-1 Tandem Propeller Submarine
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TABLE 3-2 Physical Properties of the Po3tulated TPS

Symbol

Hull
Submerged displacement 4300 long tons (: weight) A W

Length 275 ft

Maximum diameter 32 ft d

Fineness ratio 8. 6 f

Distance, forepoint to c.g. 125 ft 01

Distance, propeller plane to c.g. 110 ft fore and aft 62

Metacentric height -1. 0 ft zb

Propellers

Hub diameter 20 ft

Tip diameter 24 ft

Number of blades 16 N

Maximum rpm 50

Blade area 3 ft 2 A
Average radius 11 ft R

Average diameter 22 ft D

Other Physical Data (see list of symbols)

m 299.3 x 10 #-sec 2/ft

M -9.63 x 106 ft-#/rad

ml =m (0 + KI) = m (1.026) 307. 1 x 103#-sec 2/ft

m 2  -m(l * K2 ) = m (1.95) 583.7 x 103 #-sec2 /ft

m 3  m n (1 + K 3 = m (1.95) 583.7 x 103 #-sec2 /ft

!X- m/ 2 /10f 30.61 x 106 #-ft-se¢2

m 23 6 2
I y n (.23-)o - 1197 x 106 #-it-scyo

S6 2TZ .23z.10)" 1197 X 10q-ft-stec

1xx I (1 + K4 ) 1 Xo (1) 30.61 x 106 #-ft-sec

AG- ih34-V-2 20
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Other Physical Data (continued)

I yy -yo (I + KS)- Iyo (1. 86) = 2227 x 106 #-ft-secz

Izz ( + K6 ) = Io (1. 86) = 2227 x 10

Cd (high-and low-speed) 0.15

- 0
oC (high-speed only) 3. 59

CL (low-speed only) 5.7

..L= 5.24 rad/sec ( 50 rpm), high-speed case

I o 350 (high-speed trim)

V = 70. 5'/ sec (high-speed trim)

Note: Numerical values for high-speed hull derivatives, propeller stability

derivatives, and prcpeller control force and .- rinent coefficients may

be found in Reference 1.

i
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HYDRODYNAMIC ANALYSIS- -LOW-SPEED FLIGHT

i
I 4.1 THE HYDRODYNAMIC CHARACTERISTICS OF TANDEM PROPELLERS

Expressions for the hydrodynamic forces and moments due to the propellers
were derived in Section 5. 2. Z. 2 of Reference I for the low-speed case. Unlike
the theoretical development for the high-speed case, propeller-induced inflow

velocity was taken into consideration. The analysis in Beference I was

I developed in the terminology of Reference ll and, in addition, was considered
tentative and preliminary. It is proposed here to set down the propeller

I hydrodynamics in somewhat more detail and in the nomenclature adopted in
Reference I and in this report. The resulting equations may be considered

as superseding those presented in Reference 1.

In Figure 4. 1-1, wt iefine"

I(0 local tangential blade velocity (in the plane of the propeller.
perpendicular to the average radius R) relative to the water.

I • - local axial blade velocity (perpendicular to the plane of the
propeller) relative to the water.

I V•/0"o.: total blade velocity relative to the water.

' :propeller-induced (axial) inflow velocity.

3
"1i 23 AG- 1t34 -V-2
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Figure 4, 1-1 Blade Kinematics

For the forward propeller-

r e (7,L propelle (4. 1-1)

"Hull interierence ef'cts on D.'"d W .a rt, taken mnto ,icculant lJ.ter.
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Similarly, for the aft propellcr (counterc' :kwisi, -eation, looklinS forward):

.Z*7toes w or (4.1-4)

I Since (4.1-3) and (4. 1-4) differ from (4. 1-1) and (4.1-2) only in a negative

sign pre-fixingb , 1', and At', the first pair of equations may be used to

I derive results for the forward propeller, with the understanding that a sign

change ineb ?A-, and ?-.-must be made in order to apply these expressions to

I the aft propeller.

I The lift and drag produced by one blade is:

(4.1-5)

'0 61) ILC(4. 1-6)

in which :t is understood that V, • and L are (Unctions of the propeller

azimuth angle Cr . Thus. (see Figure 3-2

X(6'- 7w it-0il-(4. 1-7)

I (,4.1-9,

| Me 011),

i <:jr(O) • €(L7) " <0(,e) -4o -0j;, ..I-I C-r: AS, O---- (4.1.-8)

I,
"In ord>r to simplfv the anailysis. change in collective pitch Ai;s no longer used.

AG- 1k•31 - V -2



It should be noted that the numerical value of the lift curve slope, Z , used

in this development should be the two-dimensional section value (approximately

5.7/radian) since the induced velocity will appear explicitly in the hydrodynamic

angle of attack. Use of this value, unmodified for unsteady effects, also implies

the assumption that' -,. i1sJt ÷ .

Before proceeding to develop the appropriate expressions for forces and

moments, it will be usefal to define a number of approximations and linear-za-

ticns that will be used in the derivations to follow. For convenience, the

parenthetic notation ( 0" ), signifying "a function of sigma" is discarded.

From (4. 1-1):

zVk /4 . z Cos 1 w-it6. (4.1-10)

and

jetA ~ZlL(/# #L OSQ#J 7  5 7j(4 .1- 1 )

For small motions and all but very low propeller speeds* it appears that the

second order terms in the rz-tion variablesR I V, and ix, can properly

be ignored in Equation (4. 1 -11).

Also, Equatuon (4. 1-2) canr be rewr:-terr. as:

and -s assumed to be small re.at:ze to % so that:

(4. 1-13)

Minivm.n propeller -pt cd is b-l e~ ed to be. of thet order of I r.id/ sec. so th!.t
RA2 m:|-• t-tc



I
Other approximations are:

Co 2 = •(4.1-15)

V

I=/(4.1-16)
I

I
- -- (4.1-17)

I

The propeller forces and moments. written in propeller axes, are obtained by

resolving the lift and drag forces along X and tangent to the average blade

jcircle to obtain the axial force 4 , and the tangential force e§- . The
remaining forces and moments foll,:. from :ie georretry of the situation. The

complete set of expressions, for &' blades. comparabl( to Equations (5-7)

through (5-13) of Refer-nce I (the high-specd case), are:

I ~~ ~ ~ ,ý1 4Wo4W/~(~)or-2 p(~~(-)(. -19)
I
I
I
I .7 AG- 16,34-V-Z



Fr A/V2(~~F)$wS~4 rc~s Y)'cs~ (4. 1-20)

j'~ : 4 r$,Wd(4. 1-22)

~ /e,5- (4.1-23) I

Vy /-F ,EcAx (4.1-24) 1

As has been used previously, the notation -Kdenotes forward/aft propeller.

AG- ......... 2S
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I
4. 1. 1 Axial Force

On substituting (4. i-11), (4.1-8), (4.1-7) and (4. 1-13) into (4. 1-19) and using

the approximations (4. 1-14) through (4. 1-18), the instantaneous axial force

I becomes-.

I A A•. e c,

*S g2 e',i1]

1 (4. 1-z6)

I
!
!
I
!
I
I
I

AG*134V-2

I
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The average axial force is obtained by integrating (4. 1-26) ovor one cycle and

dividing by 2ZW . The result is*

C e4  4Ae 2) e

t 2
- 4CzfoLL YL /J

(4. 1-Z7)

* See Appendix A for details of the integration and some remarks relative

to their validity. AM? !fi

AG - IvI-• V-= •30

J



I
4.1.2 Tangential Force

Using Equation j4. 1-20) for )5r and making the same kind of substitutions as

was done for. , we have:

I

n ?
I -'.

6IS' 2 cvrO 6W Cdi' SC 't es C eS

11 4
C, '[; S. S 9Jw(7&z i

(4. 1-z8)

I
1
I
l

I

* i*131 AG -16 34 -V - 2
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On integrating over one cycle, and neglecting the resulting four terms in 12.

and

L d L

/2- (4.1--9)



I

I
4.1.3 Lateral Forces

The lateral forces, in propeller axes, are given by Equations (4. 1-21) and

(4.1-22)I

* -t A~( AV/Ž e~~- oj re o

!(4

(4.1-30)

I

(4.1-31)

Making the required substitutions and integrating over one cycle, the average

lateral forces are:

I

-1- •(4. 1-32)

3 31 AG - 16 1 .- V -



and:

1 7

(4.1-33)

It should be noted that no ter,.-s hae been discarded in Equations (4. 1-32) and

(4. 1-33).

AG - It, 3 1- V-. 34
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I

4.1.4 Moments (Propeller Axes)

On combining (4.1-24) and (4. 1-25) with (4. 1-19), the instantaneous propeller
moments become:

~ ~ ~e e, e,,a,- r e'- : -', -'1a
I
I

Making the proper substitution and integrating over one cycle the average1 moments become:

I 2/'/, ,'j1

I

A I -V 4.

Ai

I

-



and,

~' (0÷~~~ ~ 0 '° 2i.4' 2 a L)

a7

(4.1l-35) ii

In (4. 1-34) and (4. 1-35) all terms containing second and third powers of or

"and terms containing /-products are discarded.

AG- I t, 34 -V-23 t
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4. 1.5 Force/Moment Summation (Body Axes)

The forces/moments produced by the propellers with respoct to body axes, are

related to the propel*r forces/moments oi Equations (4.1-19) through (4. 1-25)

by the following set of equations:

Ix

Y (4. 1.36)

I r
/

Note that the distance from the plane of the propellers to the c. g.,
carries no sign. The body forces/moments of (4. 1-36) are presented in Table

4. 1-1. In this table, the two parts of/A and iA/in Equation (4. 1-36) have been

I combined into one expression for each. Also the hull interference effect

discussed in Reference 1 (pg 26) has been taken into account by multiplying all
terms containing and by a factor of 2.

At this point it is desirable to review the assumptions, approximations and

linearizations that have been made in deriving the expressions set forth in

T Table 4. 1-1, as well as reviewing some of the limitations on their use.

L (I) The effects of swirl (tangential comaponent of indu;(.cd velocity) and

of interaction between fore and aft prupellers have been neglected.

Swirl :s neglected on the ground: that the component of swirl due

to cyclic pitch is sma!l relative to that due to collective pitch. The

latter component %,,•u!d normally be "curnpensat-d" for by slightly

increased rpm or c.• (over "design"','.lUe.). Fore and aft pro-

peller :nteraction is neglected because it is nonl:near and lacks

axial symmetry for anry maneuver -thE:: than pur. rul!ing or axialf accelerat:on at zero angle of attack of the ',ull. it -s also believed

T

1 37.k -l, +- -
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ii
that neglect of propeller interaction is consistent with the neglect

I of the effects of the propeller slipstreams on the hydrodynamic

characteristics of the body.

I (2) The influence of the hull on the velocities induced at the propellers

has been neglected with the exception of the cross-flow velocity.

I The neglect of body-induced changes in axial velocity is based on

classical slender-body theory.

I i3) The important assumptions and linearizations made in the mathe-

matical development are stated in Equations (4. 1-11) and (4.1-13)

I through (4.1-18). In deriving the expressions for forces/moments

in propeller axes the equations were carried out to completion and

S I terms discarded only at the end. Discarded term, include those

containing squares, cubes and products of the motion variables

P. and 74.

(4) The propeller equations of Table 4. 1-1 are valid within the limita-

tions reviewed above and provided that the inflow velocity, ,' is

defined properly for the operating conditions being examined. The

proper definition ofA is discussed further in the next section.

4.1.6 The Propeller Equations in Coefficient Form

Subject to the limitations discussed in the previous section, the propeller

forces/moments for the general case of low speed flight are given by the

equations of Table 4. 1-1. These equations are explicit in the blade-angle

variables 6a. 1,, and ýz. , the inflow velocity ,e , and the motion variables

I , V_', 9 p w P "7L. It is possible to place these equations in coefficient

form, in somewhat the same manner as was done for the high-speed case, in

"" hich a force or moment is expressed as the product of a dimensional cocffi-

cent multipl:ed by functions of the blade-angle variables and/or m-Ult.Dl:d by

the motion var:ables. The case with which this can be done dcpends markedly

on the nature of the thv,-rettal expression for oi the inflow velot :ty. For

I
I
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I.

the special case that satisfies the condition,

< < (14. 1-37) .1
the expression for iS given in Reference I (pg 37) is valid. This expression,

,z .a 4WAi (4.1-38)1

is 1-ased on a combined lifting-line and propeller momentum analysis. For the

postulated configuration of the TPS, the constants aand Ahave the approxi-

mate values .95 and -1. 0 respectively. By limiting S6oto less than about I
0. 1 rad in magnitude, Equation (4. 1-38) can be simplified to

.•' .2a (,.,-39) 1
with a loss in accuracy ot about 12%. I
If (4. 1-39) is substituted into the equations of Table 4. 1-1, the inflow velocity,

Ii . can be elirainated and the equations can be further reduced without diffi-

culty to a "coefficient" form (a form which has been called a "force matrix").

Such a substitution has been carried out to derive Table 4. 1-2. "Zero Speed

Force and Moment Coefficients". Note that the •rivation of this table and its

further application are influenced by the following considerations:

(a) Balanced operation of the form, ard and aft propellers is assumed, I
that is, J?: =04-=..2-r 2. For convenience, the following symbol

changes are made:ez. ,,V

(b) As &rll be shu%,n in Sectian VI, the conbtra:nt ý4. 1-37) cann.,t be

sat'sf~ed cen at very 1)-, fort ,ard ,pevd.,. For Ji.s reaz-n the

matr:x is lmited ,n practica! applcation to the zero firv Ard

bpeed case (e.g.. fore ind aft pr)pell,.rs counter-thrusthnz. For

non-zerc for'•.urd •pctds ,•(ee Scct:or 6. 2), tn epr - " ,

sornv-hut more complic ated th~in (4. 1-39), be givun, and

subst :t;.tcd d:ret'flIv into the ;cne ral eqiat.: ,, 1i-t d ;n T t.,, 4. 1-1.

Stee Appt-nd:x C tor a n,', , , the :nfl .'. 4 ' I"; qt- ,

AG- I,- V-.
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(c) The matrix form of the propeller equations (Table 4. 1-2) eontaiin

the inflow velocity definition (4. 1 -39). In (4. 1-39) the effects of

cyclic pitch on ,i have been neglected.* This assumption, requires

that Sand 5 be much smaller than 4. a condition which is

I adhered to in all of the zero and low speed work in this report.

The effect of appreciable cyclic pitch, relative to €•f , where the

I cyclic frequency is one cycle per revolution (as it is in the present

case) is to reduce the available forces due to cyclic pitch hbf a

significant factor. According to the two-dimensional analygis of

SReference 5, this multiplying factor is approximately equal to

where 4 is the blade chord. In addition, the

inclusin ofinite-span effects (see Reference 6, for exairple)

would involve the use cf large scale digital computer.

I A meaningful analysis of the extreme operating condition, corres-

ponding to S , * and low forward speed, would be most

I difficult for the propeller configurations being considered herein,

since individual blades would be intersecting the vortical Wske of

preceding blades in certain azimuth positions. Practical z•nsider-

ation of high oscillatory stresses that would probably be encountered

under these conditions tend to rule out the possibility of operating

in this mode.

1(d) On taking due account of the sign notation prefixing the equttionu

of Table 4. 1-1 (e. g. +14 for the %-force ) and also of thtŽ sign

change required for the aft-propeller terms involving /P . ,

Sand W , the two -propeller forces/moments are expre Ist, lI

terms of specific combinations of blade-pitch angle. These oromb,n-

I ations are listed in the first column of Table 4. 1 -2 and art, dCefoted
"5 :nputs". Thus the X -force due to the propellers is giv'vn

rI'b.-. ;.- d!l-3 t'.,." )f the loe s rcstrct;vc" dc :nitin of A• , •n 6. .

INote thtt illi the X Y -,e -A#-, -Al entre ntro, r. mlt ipi cQ by -A
• onmon ta,t, oe r / (--.t sho%% n).

SII A(,- I I-V-2
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TABLE j. 1.2

ZERO SPEED FORCE/MOMFNT COEFFICIENTS
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TABLE 4.1-2
ZERO SPEED FORCE/MOMENT COEFFICIENTS
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I 7
- I

"in which terms in parentheses ( ) are inputs, and terms in

"brackets '_,7 are the corresponding X -force coefficients for the

S inputs.

(e) Because of the linearization of the inflow velocity expression

(4. 1-38). certain entries in Table 4.1-2 will contain larger errors

than others. The entry,line /_X is a good example. It contains[ a term 1-4 which is large, relative to the neglected part of the

inflow expression i //. but not so large as to preclude a

large error, depending on the size of <a. In these entries, it is
suggested that an equivalent d be used, say 4fl, such that

[t': A-,64/•/ . If a'i s evaluated for a particular 4 , the

entries in question will be fairly accurate and values of 6.0 larger

than the suggested limit (A = 0. 1) may be used.

I
!

I
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4. 2 HULL HYDRODYNAMICS

Representation of the hull forces (given in dimension•al coefficient form in I
Table 4. 2-1) for the low-speed case is complicated by the absence of a domin-

ant velocity component on which a linearized theory could be based. The hull

forces are therefore nonlinear in form. A simplification is obtained by

assuming that the forces depend on the individual velocity components. I

The axial drag coefficient (. 00102) was based on results presented in Reference

7 and is open to question for very low Reynolds numbers (that prevail at low I
forward speeds). Forces arising from lateral velocity components were ob-

tained by considering the hull to consist of a series of right circular cylinders. I
The drag on each segment was estimated from data given in Reference 8.

including the effects of Reynolds numbers. The cubic terms in >and I

arise from these cross-flow Reynolds number variations along the hull.

Flat plate drag data were used to estimate the cross-flow forces on the sail J
and a linear lateral velocity profile was assigned to account for yawing and

rolling motions. I
The above treatment of hull forces is admittedly crude. Greatest percentage

errors occur when the hull is moving very slowly, and the propellers are

operating at high thrust levels (and, hence, have large slipstream velocities).

In thi: situation, ho•wever, it can be anticipated that the propeller forces will J
be very much larger than those due to the hull and the absolute errors intro-

duced by poorly def:ned hull hvdrcdynamics will not be significant. J

A
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I
I
I

Table 4. 2-1 Hull Forces and Moments - Low-Speed

0 
2 u Iu (.00102) X:p 0

SX - 0 X = 0

Yu X~0 -Ip(0031
Y =0 y 4 2
y,, = - v.• IvI(- o8o9) Y =

w=0 r - ,/0 r (,0003251 rI + .062 r 2 )

._ Z = 0 Z = 0
u p

•zv 0 zq -- • q (.000097 q +.062q2

z - 2 w I I -076z z

w Z 1 A(~ r -

K 0 Kp 5 - pl (.00000375)

KV q

K :0 Kr -r r (.0000187)

,% I = 0 M -0
u 0

0 Mq : - 1 q(.00 q + .214 92)

- 13 W (.00109) N 1•"w "• w I" r.oo• .,

X_ : p pi (.00000701)

N +~,~ V 1VG0304) N = 0
v q

- N 0 N -2 I
NWI r - i -L r (.002117 r + .21-I

I
I
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jSIX-DEGREE -OF-FREEDOM EQUATONS OF MOTION

LOW-SPEED FLIGHT

1-

"The six-degree-of -freedom equations of rxoi,.on* for low-speed operation are

- written in the same way as the high-speed equations. The total propeller

forccs/moments, defined in Table 4. 1-1 are designated by subscript P. The

hull forces/moment of Table 4. 2-1 are designated by the subscript 1 . Their

sum is then equated to the mass/inertia reaction terms. Thus

xp2. V- 2,4 + 707 7C Zf - 20 v Ap +,v

(5-i)

* In total form, as contrasted to a pe.r-,rb.it:*,n form.

1 • Gyroscup:,c terms are idded t, the p.-peller and htill terms ;f applicable.

17 AG-
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VI

I TRIMMED HOVERING FLIGHT

I Attention is confined in this section to: (1) the required trim settings of

collective pitch for very low (i. e., hovering) forward speeds and, (2) the

generation of pure translational forces by means of cyclic pitch and the

translational velocities which result from these forces*.

I The range of forward speeds is arbitrarily taken to be O-'tU '• / ft/sec. Of
interest is the capablity of a tandem-propeller configuration to perform

I "creeping" maneuvers in a single plane. This operational mode may be of some
practical importance in submerged rendezvous, search, escape or docking

I operations.

As noted in Reference I, it is possible to operate at zero or very low forward

speeds in a number of different vays. each of which entails a specific com-
bination of for,,-.rd and aft propeller settings, either rotating (thrusting or1 counter-thrusting) or locked. In the hovering case it will be assumed that it

is desirable to achieve translational motions without rotation, and that opcra-

3 tion of the forv.ard and aft propellers is balanced (i. e., , £2 i2. ).

Three modes of operation will be considered

The question of blade angle resolution is treated in Section 7. 3.

FIi 4 A - 1-4V-



(1) Zero forward speed - zero collective pitch forward and aft,

(2) Zero forward speed - counter-thrusting collective pitch
forward and aft. 4

(3) Very low forward Qpccd - thrusting collective pitch forward
and aft-

6. 1 ZERO FORWARD SPEED - ZERO COLLECTIVE PITCH

At zero forward speed, with zero collective and cyc,;c p*tt:h, forward and aft,

the neutrally-buoyant submarine will remain stationary. it would be desirable

to be able to predict whether or not it is passible to generate pure sideforce

under these conditions, by the exclusive application of cyclic pitch. Unfor-

tunately, the approximate propeller equations presented in Section IV cannot

be used when S or S. > S, (see Section 4. 16). Accordingly, no strictly

valid conclusions can be drawn relative to the zero collective pitch case on the

basis of the developed equations. Nevertheless, it is of interest to note that

there is only one uncoupled* Y (or 2 ) coefficient, listed in Table 4. 1-2,

accounting for the generation of a sideforce, and it is o-dependent. The

tentative conclusion is that pure sideforce cannot be deve-loped when the

collective pitch setting is zero.

6. z ZERO FORWARD SPEED - COUNTER-THRUSTING COLLECTIVE PITCH

In this mode of balanced operation, forward and aft collective pitch are equal

in magnitude but oppositely signed. (i. e., S . z -€ ) Net

thrust, forward velccity, and net roll moment are zero. From Table 4. 1-2,

the uncoupled Y and Z forces are given in lines 12 and 10 respectively as-'

An uncoupled coefficient is taken to mean one which is independent of all
of the motion %ar:ables but dependent only on control inputs.

A S symbol without the form-ard or aft subscript carrics no inherent sign.
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I, = G? C/A-L (i) - fL.i] (6.2- 1)

I~ ~ z = z C/1, (. f+S r. 0[ aC-) -2.7 a .Qý .(62

If we focus our attention on the axis. and let 4,f ',..- 4-z.
(6.2-1) becomes:

[P=-Q ;O24 I (6. 2-3)

[ For the postulated configuration:

[L ~A NR ;ý S S6ZO4C'![ (

Thus:

PI- C S- 2A.. -3a400ftoS;2 A.Q(6 23a

If S2 is restricted to a maximum of 0. 2 so , in keeping with the assumption

that 92 < So , and if 8'0 is limited to about 0. 1, in keeping with the

linear approximation of the expression for inilow velocity (refer to Equation

4. 1-39) the available sidefcrce is then:

YP 1 1 ozl ~ (6.-1-4)

I At high prop,'ller speeds. say 5 rad'sec, the available force is about 1500 lbs.

For thu same cyclic ccntrol input about 11, 000 lb-, are available in the hi4h
I speed case.

A
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Before proceeding to compute the side velocity. ' , which may be obtained
with this sideforce, it is interesting to draw an analogy between the previously

developed expression for sideforce in the high-speed case and Equation (6. 2-3).

The sideforce expression in the high-speed case is given by Equation (5-15),

Reference 1 (with change in collective pitch, &V , equal to zero):

Y C o=CNTQOL Smce = YS(q &. (6. 2-5)

Notice first that in the high-speed case. with both propellers thrusting, side-

force, y , is obtained by difference-cosine cyclic pitch (&z4?Sam. ), whereas

in the hovering case above, with the propellers counter-thrusting, it is obtained

by sum-cosine cyclic pitch ( ST2I + 2 2 . ), per Equation (6. 2-1). If, in (6. 2-5)

above E÷ = 4-S2 = -J and the expression for Y (pg 46 of Reference 1)
is substituted:

YC= ZS, I !L o Y's f.C )4j

Now if the following limits are taken:

as R12 ,x. S,

so- Y'O

the "high-Speed' expression for idcfor-ce reduces to

m•hich is identical in form to Equation (t.. 2-3), for the hovering case.,

AG- It,34-V*-2 :
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Returning to the hovering case, it is of interest to compute, with the aid of the

I coefficients of Table 4. I-2, the steady-state -velocity that can be at&ained,

as well as some of the coupling forces/moments.

Assume that the submarine is initially in a balanced counter-thrusting state

I(i. e. , f = ,S'a.= _.) with J,=A, =~ r = W= p =S = r=f
If sum-cosine cyclic pitch is applied, that is, y6f Z Jj, and 12',L .p4.J7, the

n uncoupled -force, given by (6. 2-1) can be summed with the appropriate,

remaining propeller forces in Table 4. 1-2 and the hull hydrodynamic force in

Table 4.2-1. The result is:

1 2L 2 [Cjcr Q

.1 fj 71 = (,./ 0/r (6.2z-6)

In keeping with the restriction that 9% < So , the g 2 -dependent drag is
small compared to the • -dependent drag, and can be ignored. The approxi-

mate -force expression then becomes:

QC [416' C 'V- - 2~2t (jc A C )~
I .. a

-44. / - Ct 6  R)~t 0 (6.2-7)

On substituting the following physical constants:go:~ 9 =/ 5;- ~o,•",I " 7 .' d. =.~s 0/.-T;N 0,s

R -/I- = -. 67S .. , .C (6,2-7/= , (b.co-ms

Since V 0 in the st,_adv-state, there are no inertia reaction forces.

L
!

:'• ~AG- 1, •I- V,-.I

S! • 1 il ii il l iN l g mi unlinIi l i ll -l -. Ili nln
Sl *i ii iŽ i ii- ii. l I rl-i-ull -- I I-



for which: 27 Al., ts'ec. (-.a =

and /I- (I=M )

For the case 42. 1, above, the inflow velocity is:

ZO ,74 .k/s ec.
and the thrust per propelle, (neglecting drag) is,

496As.

In the calculations just given for the trim )( -velocity, it was tacitly assumed

that all propeller force/moment couplings to other thari the A-axis were zero.

These couplings can be identified by using the coefficient9 of rable 4. 1-2.

This is appro.ximately equal to the thrust due to change it' momentum given

by 2 R94.. . where d= the projected area of the pzroPeller disc.

AG- 1t31-V-2 i4



On noting that • :0 , the complete set of S inputs for the case just

I treated are:

Line Effective S Inputs

2 ga,- ; z2.

5 92f f lf£.f.z : 2,r2

I1 90£of_ 2• S= 2EI
S fo i 20 2n VT .

23

124 90d a 90I 25 S- independewt

On multiplying each S-input by the corresponding coefficient in each axis. it

is seen that the coupled -Xad~ forces due to the propellers are zero. The
coupled K- and N-moments are also zero, but the coupled M1 -mnoment is

(from lines 5, 20 and 22 of Table 4. 1-2),

~•f~s2 [r2,7 ' 2i0 f-fcaiv,- 2SIF a O ~42(cl

217

SRefer to Table 4. 1-2.

" AG- 1614-V-2
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in which the dominant term is the first. This term yields a pitching moment

of -7700 4. 2 ft-# (approximate) for £2. = .02 rad. This moment is not

significant at low J. but would have to be balanced out by appropriate control

action for 2 approaching mavimum values.

The roll- and yaw-moment couplings resulting from the hydrodynamic charac-

teristics of the hull, are given in Table 4.2-1 as:

4,, = f) V ( / 0 0 3 ?5)
and

N'zr V jdz/T-/ (00M04)

On substituting the two values for Vltrim found above, we obtain:

when 11 = 1, and I= -. 09 ft/sec : -moment '67 ft-#;N-moment'! 7 ft-#

when ..-a = 5, and '2P=' -. 48 ft/sec : / -moment • 1900 ft--#; Nl-moment ' 190 ft-#

Since these moments are not negligible, at high-l.. it woull be necessary to cancel

them by appropriate propeller action in order to obtain zero roll/yaw rates.

In summary, we find that for the counter-thrusting hovering case ( £4. = 0 ),
lateral velocities of the order of . I ft/sec and . 5 ft/sec can be attained at low

and high propeller speeds, respectively, for a collective pitch of approximately

0. 1 radian and cyclic settings of 0. 02 radian. The propeller forces coupling into

Sand 1.are zero, as are the coupled (propeller) K- and N-moments. The

coupled M_-moment, due to the propellers, is not large enough to present any

problem in achieving a pure side-velocity but the roll and yaw moments (parti-

cularly roll) caused by the hydrodynamic characteristics of the hull would have to

be cancelled by proper control action.

Since the propeller hydrodynamics in the -directon and the !-direction are
identical, and ` 5 . these results would also apply to -velocities.

AG- Io34-V-.



I
I 6.3 VERY LOW FORWARD SPEED - THRUSTING COLLECTIVE PITCH

In this mode of operation the collective pitch of the forward and aft propellers

is trimmed at levels that yield a smrall, net positive thrust and a resulting

forward velocity slightly greater than zero. Consideration of this mode of

operation will provide a rough indication of the ability of a TPS configuration

to execute very slow translational maneuvers in a single plane. Attention

will be confined to the generation of pure sideforce. No examination will be

made of the steady-state response to a turning control moment, although

rolling and yawing moments may exist because of hydrodynamic coupling.

I A small net thrust may be achieved in at least two different ways. In the first

way, the .,-inputs are symmetrical (St, =La =<.<.• # . So is small and pro-

peller speeds are equal. Y -force is obtained by superimposing difference-

cosine cyclic pitch, Af- Aid, upon the trim collective pitch. In the second

way, large, nearly equal, values of asymmetrical collective pitch are used.

If 6 is small, and ,f= AL-,÷: while ._.=.-&+,, the sum, 4.010a . is
i positive and small.

The first method, i.e.. using small values of E* , is more efficient with

I respect to power consumption and will be examined below for (1) trimmed

forward flight and (2) the generation of a pure sideforce.

The required collective pitch for trimm..ed, very low forward-speed flight will

be determined by equating the propeller X -forces in Table 4. 1-1 to the hull

drag. Ifsf =ýL'so,.J =O andS, = •-r=,, =/O r 0 , we

have:

CL 14 (6. 3-1)
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I
in which the squared and cubed terms involving . have been ignored.

Equation (6. 3-1) can be written as:

0. 00/ 
(6. 3-2) ]

For small Z (i. e., very low forward speeds), the drag terms in the brackets

can be expected to be srnall relative to unity. These terms can be discarded

in the Xn multiplier, since •.f,-- the inflow "angle of attack", will generally

be much smaller than 4 . On the other hand, for accurate results, the drag

terms should not be dropped in the •multiplier because IZZ will usually

be very nearly equal to • * (leading to the problem of a small difference of

large numbers). Since in the present case we are interested only in arriving at

order-of-magnitude results, the drag terms will be dropped in both brackets. 1

The error in computed U. will be of the order of 15 or 20 percent.

On substituting the expression for iAm given in Appendix C (Equation C-5),

(6. 3-2) becomes-.

1) 4 (6. 33

•,A..

where j -A.

See computations given belo',.
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For an arbitrarily selected value of .050. Equation (6. 3-3) can be usedI compute c1X, while L and *. may be determined from relationships

previously given. The following results are obtained:

X ~ 050 55 ft/ sec for.PI.
;U -0038

I 0538

0.034

Thus, with JI 1, the C required for i . 55 ft/sec is. roughly, 2. 9. The

inflow velocity is quite small, being about .04 ft/sec (i.e. , <4 U) and the hydro-
dynamic angle of attack, 'r. ' , is also quite small. The two-propeller

thrust. neglecting drag, is td to be about 23 lbs*. It is cautioned that

I this thrust computation, and the calculations preceding it, are admittedly quite

crude. In addition to the general limitations previously noted in developing

the propeller and inflow velocity equations, and the caution expressed in

Section 4. 2 concerning the accuracy of the assumed hull drag coefficient, it is

possible that significant Reynold's number effects are not being accounted for

at the low tip speeds involved (e. g. J. = 1). In the final analysis, it will pro-

bably prove necessary to resort to experimental data in order to carry out the

kind of calculations attempted in this section. Accordingly, only a brief

qualitative discussion will be given of the generation of sideforce under the

conditions specified above.

At this thrust level, many minutes (perhaps hours) would be required to build
I up to forward speed!

I
1

I
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A crude approximation of the sideforce available by m~eans of cyclic pitch can

be obtained from the Y-force equation of Table 4. 1-1, wherein drag effects

are neglected. On using difference-cosine cyclic pitch as the control input

(i. e., ;f = 1-f. , ; _.), we obtain:

""1 4•-. L (6.3-4)

Since, for the trimmed, forward flight conditions described above,

= .0534, the propeller sideforce is:

r -- 5820 ,X2 (5. 7)(.0534) 2 - - 1770 S. lbs.

If the above result is compared with the counter-thrusting case of the previous

section. namiely,

-p =.31400 lbs.. (6.2-3a)

it is found that the two forces are about equal when the conditions of the present

case are inserted into (6. 2-3a), that is, ge, = . 0538 and 12. = 1. Thus, it

should be possible to produce side velocities, in the present case, of about the

same order of magnitude as were produced in the counter-thrusting case. In

addition, the hydrodynamic couplings for the present case should be quite com-

p. able to the counter-thrusting case, although these couplings are not so

easily sorted out in the basic propeller equations of Table 4. 1-1, as they are

in the matrix of Table 4. 1-2.

A significant difference between the counter-thrustirg case and the case of

very low forward speed is that in the latter, a control input pf-S~produces

Y -force, as it does in the high speed case, %hereas, the required input is

gzf-•4&%.hen the prpcllers are countec-thrusting. This difference is due to

the fact that S of the aft propeller is negative for the counter-thrusting case

and positive for the thrusting case.

A G le• . -



In closing this section, it must be emphasized that, aside from questions of

limitations on the analysis and the validity of assumptions, the numerical

examples given are not indicative of maximum performance. Relatively low

levels of collective and cyclic pitch were used, for reasons which have been

explained. More exact performance predictions can be made when the appro-

priate experimental data become availab!e, or if the analysis presented

herein is extended and refined considerably.
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I VII

I STABILITY AND CONTROL

I
S 7.1 LOW-SPEED OPERATION

Aside from the analysis of control force/moment interactions and the steady-

state translational velocities achievable in trimmed hovering flight (reported

in Section VI) it has not been possible to perf,)rm any significant work on

low-speed stability and control in the present strdy. A low-speed stability

[ and control analysis is discussed as a future .work item in Section VIII.

7.2 HIGH-SPEED OPERATION

As pointed out earlier, the work to be described in this section may be thought
of as a continuation of the trim and stability and control studies accomplished

and reported in Reference I. Topics considered in this section are:

(I) Analysis of Diving Performance

(2) Two Propeller. Symmetrical Operation - Yaw Plane

1 (3) High Speed Operation with One Powered Propeller - Yaw Plane

3
I
I
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7. 2. 1 Analysis of Diving Performance

In order to provide quantitative data for comparing the TPS high speed pitch-
plane performance with that of a representative contemporary submarine, a

study of the dynamic behavior of the TPS in the pitch plane was performed

and the results reported in Reference I (pp 73-87). In addition to this small

perturbation or linearized analysis.the determination of maximum diving rates

consisent with available control range is important for defining the en-elopc

of pitch-plane maneuverability within which the TP5 must operate because of
limited control forces and moments. In this section, calculations are made

to determine limit diving-rate maneuvers at constant forward speed in terms
of (1) peak blade angles of attack required to maintain a given steady-state

depth rate, and (2) peak blade angles of attack required to achieve transient
depth rate changes in response to a sudden change in ordered pitching moment.

The results are compared with calculated results for similar maneuvers in a

contemporary submarine of the Albacore class.

7. 2. 1. 1 Steady-State Diving Maneuvers

The application of a constant pitching moment to the submarine by means of a
cyclic pitch input causing a pure pitching moment results in a steady-state
depth rate, . On referring to Reference I (pg 69). Equations (7-3), we
find that the relationships between depth rate, pitch angle, and pitching

moment for a steady-state diving-rate maneuver are given by:

-3 ( =0 7. 2-1)

Solving Equations (7. 2-1) foe and s. we have

bs = - 7,6o (7. 2-2)

s- (7. 2-3)

It is assumed that basxc "arrow." stab:l:ty has been achieved through direct-
axts feedback terms in the pitch~ng moment equat-on, as explained in Refer-
ence I (pp 71-73).

t, 4 AG- ; e34-V-2
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Equation (7. 2-2) shows that the hull angle of att;lck (or velocity w along the

j submarine 21 axis) is zero, in cont&dst to the non-zero steady-state angle of

attack that would ex,da tor a conventional submarine. This condition is

I dc-sadDLe because it minimizes Lhe hull drag profile, during a steady-state

descent.

I For purposes of numerical computation, it is assumed that a steady-state

pitch angle of the hull equal to twenty degrees is the maximum permissible

value. Under this assumption, a longitudinal velocity of Ze = 40 ft/sec (the

assumed high-speed value of 14 in Reference I, Table 6-1) yields a maximum

[ steady-state depth rate of

I -/?Vac

It is desirable to compute the peak values of propeller-blade angles of attack

required to generate this steady-state depth rate in order to determine whether

propeller stalling will occur; namely, can the specified steady-state pitch-

angle be obtained within the linear range of available control forces and moments.

On substituting values of /AandM1f- taken from Reference 1, Equation (7.2-3)

I indicates that the Y-axis control-moment input necessary to achic;'c a steady-

state pitch angle of twenty degrees is

30 Z5 (/0' (20o)-a.37lj

I If a symmetrical control input is assumed, 5M consists of equal values of

the fore and aft sine-cyclic pitch angles, S and £ia. . that is,

/4

Thus, the magnitude of fore and aft cyclic pitch required to produce a steady-

state d:virg rate of 14 ft/eec or a stcady-state pitch angle of 20 degrees is

I 66, -- 3..,g
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The instantaneous angle of attack of a single propeller blade, for high-speed

operation, is given by: I

o<(cr) - 0 QtA•()#6 Scr (C)#6,z C O.7(re) (7.2-5)

Thus the peak angle of attack of any blade, that occurs during one revolution of

the propeller, is given by*

I4 -1#<2 (7. 2-6)

For the vertical-plane maneuver under consideration, Equation (7. 2-6) reduces

to;

/.'.L/f44r =/ ./O/Y

Reference I indicates that the trim angle of attack, oes , is 0. 10 rad (5. 73 deg)

for f - ft/ sec. Therefore,

.57£73 "43.18 u c9-94:,

Thus, the percentage of available pitching moment required to achieve a steady-

state diving rate of fourteen It/ sec (9•5 = 20 deg) is

/10 (7 ,o000)(3.18) 2= z00- - =, 2- o 73 3

where i4W•is assumed to be 20 degrees 'approximately). Note. however, that

the percentage of t6tal available control power, including contributions to both

longitudinal thrust and pitching moment is 100 (=) - 44.6 percent. We con-

clude then, that the peak values of blade ang!e _)f attack requircd to achieve a

steady-state pitch angle of 20 degrees fall well within the iinear range of the

:ndividual propeller Lift curves.

* If we ass.ime that 46 S(ejvaries slowly relative to _,l•a(rt) and Co--(D).

AG=-1o34-V-2
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7. 2. 1 2 Tran< 'ent Maneuvers in the Vertical P*-ne
Reference I recommends that stabilization of the TPS pitch-plane motions be
accomplished through direct-axis feedback of pitch angle and pitch rate to the[ cyclic-pitch control. Accordingly, they - moment control input, 4" , is
related to an ordered value, $1 V, , by:

I
If the diving maneuver is considered to be the depth rate resulting from a
sudden (step) change in ordered pitching moment, the variable
will vary with time until the pitch rate decays to zero. If the submarine is
flying straight and level, the initial depth rate and pitch angle will be zero.
Ftýrther, because of the large moment of inertia in pitch, I.. , a period of
time must elapse before 9 and 4 differ significantly from zero. Conse-
quently, SAV and are equal initially, that is,

I
I In Section 7. 2. 1. 1, it was shown that the steady-state pitch angle is related

to the (7 - axis moment control input, 41 , as follows:.

/ Av = 
-

1/ 9-
Thus, to achieve a steady-state pitch angle of 20 degrees, "/Y•.• = 6. 37 degrees.
The magnitude of step-input of S/"€/, necessary to result in the above value of

-.s obtained by solving Equation (7.2-7) for Sm.
For

r -(Reference 1, Figure 7-9)

I
t I 07AG- lh34-v-2



Thus, to perform a dive in which $ goes from zero to twenty degrees, in

response to a step-change in 6 ', the fore and aft cyclic pitch required at

Sa Olt are

Note that these values of cyclic pitch will place the peak angle of attack of

individual blades well above the stall limit. Thus the requirement to provide

automatic control for dynamic stability does not permit the ordering of a

step change in "command" cyclic pitch which, in the steady-state, will result

in the cyclic-pitch level required to produce the specified dive angle of

twenty degrees. The stabilization process, in effect, reduces the control

effectiveness of the submarine during transient conditions but does not influ-

ence the control effectiveness in the steady state.

Since the effects of control saturation on the pitch-plane response of the TPS

were not included in the analog computer work reported in Reference 1, the

degradation of response time due to control saturation is not known. Qualita-

tively, h-w---ver, the effect is not expected to be serious because of the

inherent. ý.tch instability, wherein the high-speed submarine response is

rapidly divergent due to destabilizing hull forces. When an appreciable pitch

rate and/or pitch angle does develop, the feedback control system will act to

stabilize the remaining portion of the transient response. This fact is clear!y

illustrated in Reference I, Figure 7-9, where the fore and aft blade angles

of attack reverse almost immediately after application of the sLtep function of

ordered pitching moment 5jlyC. The time constant associated with the linear

system responses shown in this figure are about forty seconds and could

probably be improved by using pitch acceleration feedback.

AG- It, 34-V-2 b :
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7. 2. 1. 3 Albacore Diving Rate

[ Calculations, similar to those of the previous section, for art Albacore-type

submarine indicate that a pitch angle of twenty degrees can be obtained when.I
c'j = - 1. 6 deg. the bowplane angle

I= 0. 9 deg. the sternplane angle

I The Albacore pitch plane response time (here defined as tirrie required to

:. ach 95% of the ordered value oi pitch angle) is approximately 80 seconds,

I according to data from Reference 2. The corresponding response timeior

the TPS is approximately 40 seconds. The value for the TIPS depends on the

[ magnitudes of the feedback gains selected and is not to be considered as

optimum. It is concluded that, in comparison with an Albacore-type ship,

the TPS can achieve an equivalent steady-state diving rate in an equivalent,

or less, time. However, the TPS uses a greater percentage of available

control power (Approximate values for this example: TPS - 22%; Albacore-

type - 8%).

1 7. 2. Z Two Propeller, Symmetrical Operation - Yaw Plane

In Section VII of Reference I a summary is presented of the stability analysis

I and control-system studies performed to achieve desirable pitch-plane

behavior of the TPS. A similar study has since been perforrned of the yaw-

Splane behavior of the TPS using both operational-calculus and analog-computer

techniques. As before, care was taken to restrict propeller angles of attack

to values below an assumed stall point, and an assessment of the division of

control power between the required stability augmentation and desired

maneuverability was made. The nonhnear control coupling terms (Reference 1,

pp 48 and 49) were includcd in the analog-computer simulation and conclusions

i are drawn.herein, as to their szgnificance.

6
I
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7.2. 2. 1 Equations of Motion

The dynamic equations that describe the six-degree-of-freedorn response of j
the TPS to control forces and moments are given in Reference I (pg 53). For

small perturbations from trim conditions, it is possible to replace the non- 3
linear terms represented by products of variables and trigonomnetric functions

in these equations with the first order terms of Taylor-series excpansions,

resulting in a set of linear, ordinary-differential equations in the perturbed I
variables (Reference I. pg 69). In studying the yaw-plane behavior, the yaw-

pitch coupling term M4 is neglected; more exactly, the assumption is made

that the proper S (sine) cyclic-pitch components are applied to the propellers

to cause a zero value of pitch rate for all yaw-plane maneuvers. For linear I
operation, the neglect of A4gor the assumption that pitching rrmornents are

available to cancel the effect of /%/.are equivalent insofar as yaw-plane i
results are concerned. With limited control power, however, the S/ -cyclic-

pitch components required to hold a zero pitch rate subtract fromi the control

power available to perform yaw-plane maneuvers.

The yaw-roll equations are given in matrix form by*: I

W1 S- Z (?~sA* K) -/~ lye)A'

The control terms, )C .V.A / *C or-gr,.al!y gien in Reference 1, are repeated J
below for convenience.

I

SThe propeller gyroscopic coupling coefficient ( - is zero with 7
balanced propeller operation.
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(7.2-9) I

By forming the characteristic equation* of the yaw-plane dynamics of the TPS

and substituting the numerical values tabulated in fteference 1, it is readily

determined that the TPS is unstable in the yaw-plane. This result was also

noted in the pitch-plane analysis and was explained in Reference I (pg 70).

Application of Routh's criteria (Reference 3) to the yaw-plane characteristic

equation shows the basic requirement for stability to be:

AvI"PZR J /, (7.2-10)

I Substitution of nmmerical values from Reference I into this inequality indicates

that the instability exists throughout the high-speed regime. The unstabilized

Syaw-plane response cf the TPS to a small step function of yawing moment

command , SVe.=A -- 5.73 deg) is shov'n in Figure 7. 2-1. Note the mon3-

tonically divergent response. As a consequence of this instabil:tv, an automatic-

control system was synthesized to augment the stab•lity of the TPS. Thist stability augmentation was accomplished by sensirl; certain ya% -plane motion

variables and causing the cyclic and col!ective p-tch angles of the prcpellers

to vary proporticnil to linear combinations of the4e motion var-ables. The

cyclic and collect:ve pitch terms combine to pridiice forces and rnoments on

the submar-ne in such a d:rection as to overcome the ;nherrent de"Iabilizxng

l forces and moments, and produce ,a stable. cor-.tr)!!,•ole vhicle.

* The character.st:c eq:iat:on is formed by evaluit:ng !he deter--n~nnt -,f the
square m-tatr.x -f Equ.&!ons (7. 2-81.
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Equation (7. 2-10) indicates the desirability of increasing the term 4.A.and/or

I decreasing the terrr A#mr(701 ZgiYp)to produce stable operation. The value of

Avg (yaw damping) can be effectively increased, for example, by adding the

direct-axis stabilization torque, jdK•i t , to the left-hand side of the

yawing-moment equation. Similar control terms can be generated to decouple

fthe yaw-sideslip-roll motions of the submarine, through the use of cross-axis
feedback terms, thus effectively reducing the terms '0-Y,, PO. 2•.

[ ~ Alp'and to zero.*

The propeller angles are modified according to Equations (7. Z-1l) in order

to implement the feedback-stabilization technique.

4 = ~ (7. 2-11)

in which all of the9KS are control-system gains. No heading-angle loop was

used, because the immediate concern is stabilization for maneuvering and

not long-term navigation. Since the immediate problem was one of stabilizing

the TPS, the feedbacl' terms assumed in Equations (7. 2-11) were limited to

those that contribute directly to producing stable behavior in the yaw plane.

Note that yawing acceleration feedback could also be added to improve the

transient response of the TPS by effectively reducing, for example, the yawing

mome.it of inertta.4.Z.l . Feedback of this type would have no influence on the

. The terms •P3aid Apb are Ahready negligxbly small in the TPS, effectively
decoupling the roll and yaw-s-deslip port,on of the fourth order characteristic
equation "nto two independent quadratic factors.

**A navigation loop can be added at any future time with the proper heading
angle sensors.

1 73 AG- 1b34-V-Z
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steady-state responses of the submarine. Since acceleration feedback was not

included in this study, the tranb•cnt responses determined herein are probably

not optimum. They are, however, optimized with respect to conservation of

control power for yaw-plane maneuvers.

7.2.2.2 Direct-Axis Stabilization 1

The use of direct-axis stabilization in the yawing-moment equation results in

an increase in the effective yaw-damping derivative, A/7V., which has a

stabilizing influence (see Equation 7.2-10). The gain /Af*' is used to achieve

this result. It can be shown that dynamic stability is insured through use of

this single feedback term provided that the relationship,

, - / Žo - N.. ) a.- (7.2-12)

is satisfied. There is no theoretical upper limit to A 0i , but a practical limit

occurs when the individual propeller blade angles of attack approach (approxi-

mately) twenty degrees. Because of the metacentric stiffness in roll no I
stability augmentation is required about the roll axis. However, the roll

damping is poor and it appe, - desirable to improve the dynamic response

in roll by ar'gmenting the roll damping and roll stiffness derivatives, KAs' and

A !. by andk¢ , respectively.

By substituting numerical values into the augawnted characteristic equation,

without yet specifying values of the direct-axis feedback gains, A ,9,

and IM it is possible to show that the fourth-order characteriz-ic equation,

including both proaucts and sums of these feedback terms, neatly factors into

two quadratic terms. One quadratic factor contains only the yaw and sideslip

direct-axis feedback terms.•9 and ;, the other contain, only the roll

terms )*' . and/j. . Further analysis showed that this factoring is permissible

because the roll-axms motions are weakly coupled to the yaw and sideslip axes

of the submarine. i.e. W6 and 4b are negligibly small. The converse is not

* Note that the metaccntric roll moment has previously been presented as

114 cos a sin W which for ,mall angles y'elds

AG- 1,,34-V-2 7.
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true, however, since yaw and sideslip moticns couple into the rolling moment

I equation through K,.and Ký. Carrying this analysis still further in the

evaluation of the numerator determinants of Equations (7. 2-8), one finds that

thenumratrsof .~-Sýnd Yz4#ontain common factors with the denom-

inator (i. e., the characteristic equation) resulting in (1) yaw-r;.te responses

that depend on yaw-loop gain and are independent of roll-loop gains, and (2)

roll-position responses that dep,.id on roll-loop gains and are independent of

yaw-loop gain. This separation of the influence of the four direct-axis

feedback gains allows relatively simple ;.aalytical evaluation of the yaw-plane

dynamics of the augmented TPS.

Examination of the response transforms of direct-axis variables to step

functions of corresponding direct-axis control inputs (e. g. )and 1•e)

indicates that the roll-axis behavior is that exhibited by an-ti'nerdamped

second-order system, with A affecting both the undamnped natural frequency

Sand the damping ratio, and ,Ri affecting the damping ratio alone. Values of

7, and were selected to produce a 6. 3 second undamped natur,.1 period

with a damping ratio of 0. 70, thus producing about five percent overshoot in

the roll angle response to a step input of roll moment. On the other hand, the

yaw rate response to a step-function in yawing moment is always overdamped,

for any value of feedback gain K . resulting in two e cponential subsidences

that approach the steady-state response asyrnptotical'y. For example, yaw-

rate time constants of 0.65 and 13.5 seconds result whenjt* 100, as illus-

trated by Figure 7.2-2-

It is anticipated that some difficulty would occur in sensing sideslip velocity

T 7" , and it can be shown that sensing i F s not required because satisfactory

operation can be obtained without the~f -velocity feedback, kv fHence, this

"term is not used.

It can be argued that the most useful controlled variable for high-speed
TI maneuvering is rate of change of heading angle. Lateral translation would

very seldom be required, and a commanded rc!l angle would probably have no

[utility at high-speed.-.. For this reason, analog computer re-ponss tu yawing

AG- 1#,34-V-_-
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moment and side force commands were obtained. Rolling moment feedback

1 -. rms applied through automatic control were, of course, retained. Both side-

-,-ecz and yawing moment commands were investigated because both yaw and

jside-jlip responses are influenced, through the coupling terms, V 04 Y7 Land

&v. , b -.ither driving function*. It was desired to determine which of the

two driving functions is more "economic" 1" in its use of the available control

power. Figure 7. 2-3 shows the linear jysterr yaw-plane response of the

TPS, using roll and yaw direct-axis stabilization, to a step function of side-

force resulting from a. 4*.Vd command of only 23 degrees. ** Although the

I. resulting dynamic responses are reasonable, in that they possess a quasi

first-order time constant of approximately fifteen seconds, the peak angle of

attack of the front propeller blades increases from 11. 5 degreez to 30 degrees

I as the steady-state condition is approached. ifecause this figure represents

the behavior of a linear dynamic system wherein available control force!; and

Smoments are unlimited, whereas in actual fact, saturaZion of the front

propeller occurs beyond blade angles of attack of about twenty degrees, the

steady-state responses shown in Figure 7.2-3 must be scaled down by about

thirty percent in order to maintain li- ar control action.

jIn contrast with the above result, a yawing moment command to the same TPS

configuration results in a faster dynamic response with a thirteen percent

j greater static sensitivity. The peak angles of attack of the propeller blades
L do not exceed the commanded value at any poitit in the transient response.

These results are illustrated by Figure 7. 2-2, where (;,& -- 40 degrees.

L. Note that a slight reversal of roll angle occurs at the start of the left turn

shox'n, because the initial yawxng moment produces a positive sideforce on the

L fairwater until the sideslip angle builds up and generates a fairwater angle

of attack resulting in a negative steady-state rclling mement. This effect can

[ be removed by decoupling the yaw into roll response (i.e. forcing. Ato zero).

'* Recall that w:th direct-ax-s stab-IzatIon both pitch angle and depth rate were
trfluenced by, 1' or"qcommands in the pitch-plane but that use of pitching

moment commands foi coord~nated depth changes resuilted in mrach lower
propeler blade angles of attack for simila4r transient and steady-stAte results.

Note that 6* o . thus requ,-ring in initial value of unlv 11. 5 deg.

of cyci:c htcl. --n %e 'ore and aft blades w:th symmetr-cal ;perat-in. This
crre.ponds to Approxrnately 58 percent af "he .ivaIl.03lv side force.

3
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S7.2.2. 3 Decoupling Stabilization

As noted earlier, it is required that A14 /Yr.--)*M•. >ofor dynamicIstability it*yaw. The direct-axis stabilization techniques described in the
previous section were designed to increase the term,s. Ye-4. , but not to

Saffect the X.44-term. By use of decoupling stabilization, the opposite
effect is obtained, i. e., A4_.4 remains unchanged but/l/•zva'yý) is made

to approach zero. It can be shown that the following relationships define the
numerical values of the decoupling feedback gains necessary to null AV,& and

I zu,-Yr7  respectively*.

-= (7.2-13)

7 - O .j A0 (7.2-14)

Either one, or both of these feedback gains will result in stable behavior in
the yaw plane. Figure 7. 2-4 for example, illustrates the responses of the

TPS to a yawing-moment step function where only )A and Z are non-zero,
r thus nulling(7,Vk3..).) and A.. The rolling moment due to ya% rate,

does not affect stability, indicating that the single decoupling feedback gain,

I .s ,will unconditionally stabilize all of the yaw-plane responses. This
result is analogous to that achieved with the single direct-axis feedback gain.

used previously (see Figure 7. Z-2). Note, in Figures 7. 2-3 and 7. 2-4,

that the decoupling stabilization requires rnere control power than direct-axis
stabilization, and has a slower yaw-rate response.

T

If all of the decoupling feedback terms are properly adjusted, it is potsible
to completely decouple the yawl/sidehlip/ ro!l respon, se. Thzs deccupling
process is the only way in which. "pure'" subrncir:ne control can be accomplished.
For exampie, Figure 7.2-5 shows thtt t-e only re.ponse of the TP5 to a step
function of applied rollng moment .s the rell angle, ,N ne feedback gains
using sensors on four submarine monn varialbes are requ:red to Irnplement

• 'Not': thAt complete null.ng is rn.t requirdd r-, tub;ity, provlded that Equ.A-
tion (7.2-10) is sat~sfied.

" A sinfze-ax:, respon-e to a s~ngle-ax:s c,-...nd.

71 AG- 1,. 3 I-V-2
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this condition. The utility of using such a complex stabilization systein in the

high-speed operating regime'is questionable but tbh results are presented in

the interests of generality.

4

7.2. 2.4 Combined Decoupling and Direct-Axis Stabilization

An analysis of the characteristics of the two stabilization techniques discussed

previously suggests that the best results can be obtained by combining the two

methods. This is, in fact, the case. A combination of the two methods tends

to increase NYV4.. and dec rease/'V.-("9J<-)) simultaneously. Figure 7. 2-6

illustrates the result that is obtained when yaw-to-roll and yaw-to-sideslip

(i.e., ,'. , - ) decoupling has been combined with yaw-rate direct-axis

stabilization (i. e., an increase in the yaw damping, //Y. ). The gain &i'

was adjusted to produce an optimum usage of forward propeller angle of attack.

Note that O does not vary from twenty degrees throughout the transient I
response. It is seen that the front propeller generates its maximum available

side force continuously during the transient and steady-state portion of the J

turn; this force essentially contributes to (1) yawing moment initially and,

(2) both yawing moment and sideforce in the steady- state. ]
In the turn shown in Figure 7. 2-7, direct-axis stabilization is used to increase

the damping in yaw and decoupling stabilization is used to eliminate yaw to I
roll coupling. The decoupling feedback "as included to eliminate the small,

initial reversal in roll angle exhibited in Figure 7. 2-2. The feedback gain,

K 73. 5, was selected to use the full available range of peak blade angle

of attack of the forward propeller. The rol! response seen in Figure 7. 2-7

results from the sidesl;p-to-roMl coupling, e;,., (due to the fairwater) and the

sideslip response resu'ts from the yaw-o-sideslip coupling, 7m, U., -Y.._ Note

that the incremental collective pitch. ' i, required to shape the roll response

of the TPS is small. being !ess than three degrees. This result is expected

because of the relatively small moments requ- red to roll the submarine, and

the relatively greater roll-control effectiveness than ywv\ -control etfectIvenessH

A proof of this statement is tha'.VVA44'•-,- . that is, the r.Ati,) of th%, control
coeffic-ent to the prtmiry termi that reqttires controilinc is greater .n the
roll axs than in the ya-,% .x s:

AG - 1!, 5.4 - V -L

A



1.010
.515

0 000 150134 A_ .20
.00MD50 4.7 0I .834

.100A4

000

I.50. 2
00

w -1 LL

-167,711 NO. 6 COV PINKD PARTIAL DECOUPI.;'NG( P.T:.S

MIR Fc r - AXN-S ST A V!LIZA :-:lN - *AW IN ;: P AN I: S P () A

Ae-



0.0 0 31.00

2.~50 .50

0 '-0

0.60 150 1.-1 40

-000

I I

YAWIN MtMN COt N IS, 0.7 U - D

. 1.00 .40-



SII

I

Figure 7. 2-7 represents the best compromise between (1) loop gain, (2) control-

I system simplicity, (3) dynamic response and (4) available control power. Here,

failure of any or all of the three feedback loops, controlled byAi . ,&Pf , and

I' K ,in the rolling moment equation could occur with no loss oa stability. The

gain. K , can vary over wide limits, provided that KW >34. 3 for Z~p 40

ft/sec, without loss of stability and with only small changes in the form of the

dynamic responses * The yaw-rate equivalent time constant (63. 2% of final

value) for the direct-axis feedback gain of Kj.) 73. 5 is approximately seven

seconds, compared with an estimated value of about 80 seconds for the Albacore.

1 7. 2. 2. 5 Influence of Nonlinear, Control-Coupling Terms

The foregoing analysis has been limited to linear system responses, where

Ii scaling from one amplitude to another allows a convenient assessment of the

maximum capabilities of the control system. If the nonlinear, control-coupling

terms from Equatons (7.Z-9) are included in the analysis, it is no longer

allowable to scale responses from one amplitude to another, unless the non-

II linear effects can be shown to be negligible.

Function generating equipment was used to produce the nonlinear terms of the

I control force and moment Equations (7.2-9) and key analog computer solutions

obtained for the linear system were rerun with the nonlinear control terms

Sincluded. The nonlinear solutions were obtained at limit values of propeller

angles of attack, because the nature of the nonlinearities is such that they[ are most significant for large control inputs. In every case where limit

maneu•,ers were computed, the effects of the nonlinearities were found to be

negligible. The largest effect was the change in forward speed.•-•o ,

resulting from the X 1 coefficient and the control terms, and SA/

(Reference 1, pg 50); this change in speed never exceeded one knot for the

most unfavorable combination of blade angles.

! For very large values of Ki. the,/Uj" response becomes that of a first-
order system with a time constant given by: _". V _- a _

I
-I •AG- lh34.-V-2



In ace ýrdance with the arguments presented earlier favoring the uie of yawing-

and pitching-moment commands for control of the submarine at high speeds,

it can be concluded that the control inputs, c , , and 4, will - esult

almost entirely from control-system feedback signals. Large changes in the

thrust command, •, tend to change the effectiveness of the yaw.na moment

command /' and the pitching moment command 4 , but these are pri-

marily direct-axis effects and are not expected to be serious. In general,

except for the most severe high-speed maneuvers, terms involving products

of control inputs will be negligible in comparison with the primary control

moments, and WS .

The computed nonlinear responses of the TPS are in all cases nearly identical

to the equivalent, linear-system responses alreacdy shown and, accordingly,

are not reproduced in this report.

7. Z. 3 High Speed Operation with One Powered Propeller - Yaw Plane

Because of the relatively complex nature of the propeller control system of

the TPS, it is desirable to analyze the influence of various system failures

on the stability and control of a partially disabled vehicle. Although the

number of possible system failures (without regard to probability) is large,

one of the most meaningful studies that can be performed is the study of the

loss of driving power to a single propeller, while the remaining propeller

maintains normal operation. For the present investigation, this propeller

failure is assumed to be represented by a nonrotating propeller (2-0)

where control over collective pitch is ma:ntainted.

An analysis of submarine stability and control with cne nonrotating e-nd one

rotating propcller is a logical extension of the single-propeller, tr:m-

operation study of Reference 1. Although .t was shown in Reference I that

the trirn- force and moment equations can be satisfied s•multaneously with

a single rotat-ng propeller, no informat:on on the resuilting maneuverability

of the TPS N•as presented.

AG- D-3 I-V-.,



An analysis of !-ingle-propeller operation at high speed requires a re --ompztationt
of the hull and propeller stability derivatives because of (1) a change in the trim
operating speed of the submarine and (2) the unbalanced propeller operation.

The modified stability derivatives were computed for the optimum single-

propeller operating point noted in Reference I (pg 60). Analog computer studies

were then performed to determine the submarine stability and control behavior

ior small perturbations from the quiescent point with the aft oropeller driving

and the forward propeller stationary, and vice versa. As a result of the

unbalanced propeller operation it is also necessary to investigate the influence

of the yaw-pitch, gyr'oscopic-cot'pling torques on submarine motions, in terms

of the cyclic pitch angles required to decouple these torques.

Assuming that controllability of collective pitch is maintained in the locked
propeller, the trim values that result in the most efficient submarine opera-

l tion were computed in Reference t and are listed below for convenience:

4f locked = 90" 24.5 ft/sec = 14.5 knots

if rotating= Z3" rotating = 50 rpm

I OC locked = 14.7" .f'L locked = 0

OC rotating = 4. 8" PO = 2820 horsepower

The physical properties of the submarine, viz. weights, inertias, geometry,

lift and drag coefficients, and number of propeller blades remain the same

as in th_! study of tmo-propeller operation. The rotating propeller is assumed

to be angular-velocity limited rather than power limited, because it produces

only 49' of rated power at rated speed. Note that it is assumed that the

tri.n values hold irrespective of which propeller rotates and which propeller

is locked. If, in addition. it is assumed that both propellers possess cyclic-

p.tch ,z well as collective-pitch control, a new set of propeller stability1 derivatives and control coefficients is obtained*. The individual propeller

The control coefficients computed for a locked propeller are not used in
I this study because the cyclic pitch control of the locked propeller is assumed

to be disabled. However, the numerical values are computed for conven-
i.ence in possible future studies.I

I 87 AG- 163-1-V-2



stability derivatives depend upon which propeller rotates and which propeller

is locked, whereas the individual %ontrol coefficients are invarient for a

locked and for a rotating propeller, irrespective of location.

Consider the case where the forward propeller is nonrotating with locked trim

collective pitch and the aft propeller rotates at rated speed with adjustable

collective and cyclic pitch. The propeller control coefficients for the yaw

plane are obtained from the equations for and Al, given in Reference I

(pp 46 and 48), where account is now taken of the dissymmetry between the

trim operating conditions of the fore and aft propellers. Due to this dis-

symmetry, unequal fore and aft control coefficients are obtained and the yaw-

plane control forces amn..%noments are represented by:

IV(7 jo. OA

These equations are comparable to the linear terms of EquatIons (5-15), Refer-

ence I. The nonlinear, control-coupling terms, if they are to be analyzed,

must also be separated into the fore and aft components. However, the non-

linear, control-coupling terms have been neglected here because of their

small influence on the response of the TPS, as noted previously.

AG- lr34-'-.!
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The individual propeller control coefficients indicated in Equation (7. 2-15)
are given by:

/Z

[ (7. 2-16)!"'"

Numerical substitution yields the fAi'uwing results:

/VSM = -16.9 x 106 ft-lb/rad

I= -5.66 x 106 ft-lb/rad

[ •€- = -154 x103 Iblrad

= 154x0 3 bcomputed for:= -51.4 x 103 lb/rad ..4 = 50 rpm

S& = -3.38 x 106 ft-lb/rad J.f = 0

-1.13 x 106 ft-lb/rad

These control coefficients can be compared with the results obtained for
symmetrical two-propeller operation as listed in Table 6-3. Reference 1.

When the aft propeller is locked and the forward propeller rotates, theI.. control coe.fficients are obtained by interchanging the subscripts a- and
in the above equations. Thus, for example, l W, -5.66 x 106 it-lb/rad,

I etc.

i AG- 163 4-V-2
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It should be recalled that many of the combined fore and aft propeller deriva-

tives were zero for the case of balanced two-propeller operation. This result

occurred when the fore and aft propeller forces/moments were equal, but

opposite in sign. When single-propeller operation prevails, however, there

are additional propeller contributions to the total stability derivatives that

must be individually computed. These computations present certain mathe-

mr.atical difficulties that are briefly reviewed in Appendix B.

7.2. 3. 1 Maneuvering Analysis: Single-Propeller Operation

Since the dynamic stability of the TPS depends on control forces and moments

applied through proper modulation of the individual propeller blade angles,

it is of interest to examine the behavior of the submarine when the feedback-

stabilization gains are not changed from their normal, two-propeller, balanced-

operation values but a single propeller is disabled. For the assumed case of

single-propeller operation

4f =~ 0 e

Accordingly, the control equations reduce to

Ale A" z Sz. (7. 2-17)

&C ,

Assuming a 6tabilization mode before breakdown that is equivalent to that

employed -n obtaining the yaw-rate responses pictured in Figure 7. 2-7, the

aft propeller blade angles that result from the command bignal and the feed-

back stabil:-at:on loops are given by :

These eqations are obtained by solving Equations (7.2-i1) simultaneously

with the iolliw:ng equations:

The fved.a.k 4ans 4L-. are . IIII l I II I HrII Ir Io.

TR -7 "T T~ * -



cyclic-pitch(7. 2-18)

The sine cyclic-pitch angle, 4 , is available to counteract the yaw to pitch

i coupling caused by/,*. and /,. If it is assumed that control over cyclic

and incremental collective pitch of the forward propeller is lost, the feedback-

stabilization terms shown in Equations (7. 2-18) above become the sole source

for augmenting the stability of the TPS. It remains to be shown (below) that

stable operation results when the forward propeller is disabled.

I Stable dynamic behavior in yaw is obtained if

as noted in Section 7. 2. 2. 1, Equation (7. 2-10). The side force due to yawing

Svelocity derivative, Y* , is decreased and the yaw-damping derivative, ,

is increased by the feedback term 4'9 . On combining the basic submarine

[ derivatives with the stability augmentation terms, stable operation in yaw

results if

or A4,/- Y

On subst:tuting numerical values from Table B-1, Append:x B, we find that

dvnamr:c stabil-ty in yaw places the following requirement on , namely:

I
I91 AG-1I634-V-t
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As noted in Figure 7.2-7, = 73.5 for "normall" two-propeller operation.

Thus, this brief analysis predicts stable single-propeller operation, with

the aft propeller thrusting, and no modification of the feedback-stabilization

signals required in a transition from two- to one-propeller operation.

An analog computer mechanization of the operational mode discussed above

confirms the above conclusion, and demonstrates rapid, well-behaved

submarine responses to yawing-moment control inputs. Figure 7. 2-7 was

previously discussed as representing optimum two-propeller operation of the

submarine. The equivalent single-propeller yaw-plane response, with the

aft propeller thrusting, is shown in Figure 7. 2-8, where the motion variables

5L , and of the submarine are plotted with the same vertical scale

and time scale sensitivities as in Figure 7.Z-7. Since a single propeller,

only, is available to generate control forces and moments, the equivalent
commanded value of • is 0. 15 rad when &C = 0. 30 rad, witL Sx.;= 0.

It is apparent from Figure 7. 2-8 that stable, controllable yaw-plane behavior

is obtained in the specified, partially-disabled operating mode.

In order to determine the effects of disabling the aft propeller, an analysis

similar to that just presented was performed. In similar fashion, we assume:

AL4  0

The control forces and moments are given by.

In the preferred mode of symmetr,-cal to-propeller operat:3n, the cycl:c

and collective pitch angles of the for, ird propeller are given by

• See footnote on paze QO.
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Continuing the analysis in the same manner as before, we have

Ie > A13, "

for stability. Substituting numerical values from Table B-2. we obtain

> 404.
With = 73. 5, the submarine is obviously unstable. The instability is

caused by the reversal of sign of the control force, YC , that occurs when

the thrusting propeller is shifted from the rear to the front of the submarine.

Spec ifically:

.= -Y 5-, aft propeller thrusting

YC f ÷ 6 , forwa.'d propeller thrusting

Thus, the feedback term, , reduces the destabilizing derivative

when the thrusting propeller is aft but increases Y when the thrusting

propeller is forward. Because the yawing-moment control term, Ale , does

not change sign with location of the thrusting propeller, the yaw-rate feedback

increases yaw damping, Ald, , in both cases. Thus, if the percentage yaw

damping is increased more than the side force due to yawing moment is

increased, when the thrusting propeller is forward, an increase in yaw-rate

feedback gain in the cosine cyclic pitch. Equation (7. 2-20) ultimately stabilizes

the subrmarine response. This requir:.s that Y4. A->• _ ,'/ . a

condition that -s satisfied with the assmried submarine parameters.

An analog computer s-mul,.t:on confirmed the above predicted in!,ability thAt

results from disabl-nm the aft propeller x•ithtut modifying the feedback gain,

It can be shown that a value of feedback ga _n. 436. produces
R a rad/ sec-astat. sensxtvty.- .0/3 With the aft Ir.,pell-r

thrust:ng and it 73. 5, the statuc sensItivity, I. is
rad! scc s S also

.0t3 rad Thus it :s psbible t, achieve the %arne ,t-tic .t-n. ity

simply by increas-ng the ya% -rate feedback gain -d with a t-ruht;ng furw.,rd

AG- I, 3 -'-.:
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propeller. However, the transient response obtained with a thrusting forward[ propeller is prohibitively slow, indicating an almost complete lack of maneuver-

ability in this mode. This fact is clearly illustrated by Figure 7. 2-9. In order

to show the response of the TPS to a step-function of in detail, both the

vertical and horizontal scales have been changed in Figure 7. 2-9 in contrast

I to the scales used in Figure 7. Z-8. Note that the steady-state does not appear
in the figure, even though a time period of 30 minutes elapses during the run!

I Because cosine cyclic pitch , appears directly in both the side-force

and yawing-moment control equations, with an opposite effect on submarine

I stability, depending upon which propeller -s being cyclicly controlled, it is
apparent that feedback signals that tend to augment stability through the yawing-

moment equation will concurrently decrease stability through the side-force
equation, and vice versa. We conclude that whenever the aft propeller is
disabled (i. e., locked, with control over trim collectiv.l pitch only) and control

forces and moments can be applied through the forward propeller only, satis-
factory transient response cannot be achieved by application of feedback-

stabilization signals to control the cyclic pitch of the front propeller. External
modification of the pertinent stability derivatives of the TPS through the use of

I auxiliary control surfaces, for example, would be necessary.

[ 7. 2. 3. 2 Influence of Gyroscopic Coupling on Control Power
In Reference 1 (pg 63) Equations (6-1), the yaw-pitch and pitch-yaw coupling

I moments, as caused by gyroscpic action, are shown. When balanced opera-
tion. of the propellers is assumed, the momentum vectors associate with the

fore and aft propellers are equal in magnitude and opposite in sign, thus

- cancelling the effects of each individual propeller on the submarine response.
Consequently, these terms are deleted from Equation (7. 2-8). If, however,

- the propeller angular momenta are not equal, as would result from single-

propeller operation, a pitching moment due to yaw rate, (//-•/•. ) and

a yawing moment due to pitch rate, (44/x ) 1 , are generated. The
assumption of pure yaw-plane responses to yaw-moment commAnds is vald

only if sufficient cyclic pitch is available within the control satt.ration envelope

I
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II

to () decouple the yaw to pitch response, (2) decouple the pitch to yaw response,

and (3) provide direct yaw and pitch axis control power, simultaneously*

Accordingly, it iz' required that (// _A4 -• jý. ) y =/,% in the pitching

I mno-ment equation and (/4 - Aj - L ) =1,C in the yawing moment

equation. For single propeller operation:

I

I j aft propeller thrusting

I J_ forward propeller thrusting

I Consequently, yaw-to-pitch decoupling occurs when

, and pitch-to-yaw decoupling occurs when

Sa_ , _ / -ý -• ýf IV(7. 2-2Z)

Separate calculations are require-d for the t'wo single-propeller drive situations.

First consider the case of a locked forward propeller. Here. -f = 0 and the

rema:ning terms are listed in Table B-I.

• From Reference I (pg 28 and 29)

Al -/, z f- //IV) I" A ~'l"2F - KOz

Comb-ri~ng these equat~ons 'it!h Equat~on (B-5). -.t is apparent that A,

I AG- 10) -l4- V-2
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-IVA (2.72 + 5.95) x 10 .191 deg/deg/sec

16.91 x 10 6

-44 • ( 2.72 5'95) X 10
= /, - .-16.91 5x 1o6- .191 deg/deg/sec

When the aft propeller is locked, we find from Table B-Z:

51f. = & -N% J,, , 2.72 + 5.95 .513degldeglsec
Jl 16.1

S2. 725.95 513 deg/deg/sec
A6._ J#_-16.91

Maximum values of yaw and pitch rates, when full control power is made

available at high speed to perform limit maneuvers with the TPS, are approxi-

mately one dcg/sec. Consequently, the additional cyclic pitch angles necessary

to decouple the yaw and pitch planes never exceed about one-half degree. This

amount of cyclic pitch corresponds to Z-3% of the available control power, and

is not a significant factor in the TPS stability and control problem.

The general conclusions reached in this section of the report (Section 7. 2) are

summarized in Sect~on II, Summar" of Results and Concluszons.

AG - It, 34 - V-Z 8



7.3 BLADE ANGLE RESOLUTION

The trim settings and operating conditions for hovering flight, given in

Section VI, and those for the high-speed manetivers, given in Section VII

I (Section 7. 2) will be discussed briefly with respect to their influence on the

resolution* requirements of the collective and cyclic pitch control linkages.

7. 3. 1 Hovering Flight

In Section VI (6. 3) it is shown that, when A = 1, the magnitudes of collective
and cyclic pitch required for a trimmed forward speed of 0.55 ft/sec and a

I ff -velocit; ;f 0. I ft/sec are:

.05 rad • 2.9" ( .55 ft/sec)
S~I

- .02 rad I. I . ( . .I ft/sec)

I These values of SO and S2 provide a rough indicaz:on of the resolution which

would be needed in 490 and S. , if it is desired to ach: ve the very low speeds

I noted.

7.3.2 High-Speed Flight

In ',igh-speed flight a measure of required blade angle resolution can be

obtained from the steady-state transm:ssion ratios .hat define the change in

a given motion variable per unit change in the apprzpr:ate blade pitch angle.

(a) Forward Speed:

In Reference 1 it is shown that for stra:ght and level flight at high bpeed

S ( ao 1 40 it/ sec) the relationship bet-aeen change :n speed, & , and change

in collective pitch, S •s

* Resolu.ton is taken to mean the least arnuunt by "&h1ch a given variable
(e. g. d e etc. )nma; be changed by control act.on.

** The scc_:-d-order propeller drag term :s neglected.

I t;i~,A-



if 4'eCzdf , .= 660 xl Ib/rad, and -X 17.5 xlO

lb/ft per sec:

= .013 rad/ft per sec, or .76"/ft per sec

Thus, if a resolution in forward speed of I ft/sec is desired, a resolution in

collective pitch of . 76" is needed.

(b) Dive Angle:

At high speed, the steady-state dive angle (see Section 7.2.1) is given by.,

if 6 ,qr j 4t j, . = 30.25 x 106 ft-lb/rad* and /1 -9..63 K 106

ft-lb/rad*:

- 6. 3 degree/degree.5,

The corresponding relationship for dive rate is:

" -4. 3 ft/sec/degree

(c) yaw Rate:

It can be shown that the steady-state yaw rate per unit cosine-cyclic pitch

~S~& is~$ )xgiven by-,

It the proper numerical values for the stabilitv derivatives and the mass

are subst:tuted in this expres.sion the result is:

_ - 0.06 desree/sec
degree

* See Reference I
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I
If it is assumed that it is not required to operate at hovering speeds much lower

than those indicated above, the blade angle resolution requirements will prob-

ably be determined by the high-speed flight conditions rather than the hovering

I conditions. The high-speed case is summarized below:

I Trim Condition Approximate Resolution Needed

Forward Speed, V(. 40 ft/sec 0.76w in £a for I ft/sec change in

| Dive Angle, 6 20" 0. 16" in for 10 change in 0

Di've Rate, 14 ft/ sec 0. 23* in fo r 1 ft/sec change in

Yaw Rate, 9 /sec 17.0" in for lP/sec change in

I
From these calculations it is evident that the specifications to be placed on the

I resolution of , and will depend upon the minimum change (i. e.,

the least count) desireu in the related motion variable. Based on these pre-

lirninary and incomplete data, one might conclude that reasonable resolution

requirements on blade pitch be: -=- 57•'P. - and 0. ".

I
!
!
!
!

IThere may be maneuver requirements, other than dive r.ite, turn rate, etc..
\,hi.ch influe-ce blade angle resolution.

I
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7.4 HANDLING QUALITIES OF THE TPS

A general consideration of handling qualities often include certain aspects of
vehicle behavior that are related to the basic open-loop performance of the

vehicle. Usually, an attempt is made to set up dynamic-performance criteria

in terms of the response of the vehicle to specified control inputs (or a

sequence of inputs). In the case of a submarine these criteria may relate,

for example, to (1) the ability to perform a given diving rate, (2) the ability

to turn at a given rate without exceeding specified limits on induced roll.

(3) the specification of time lags or other dynamic measures of maneuvering

performance, etc. etc. Efforts have been made to evolve such open-loop
performance criteria, both in the case of surface ships and submarines, by

using the concept of definitive maneuvers. It is important to recognize that
these performance criteria are limited, in the sense that they can only be

used to "test" the vehicle and. possibly, its control linkige, but not the remainirg

elements of the overall vehicle-control loop (i. e., the pilot; control column

dynamics; displays; etc.). Discussion of this type of performance parameter

for the TPS is included elsewhere in this report, notably Sections II and VII

(Section 7. 2).

Although performance parameters of the type discussed above are important

in judging the handling qualities of a given vehicle, such a judgment is incom-

plete without a consideration of other elements in the overall control loop of

ihe vehicle. Here, one becomes involved in the effects of pilot skill, display

dynamics, control-column dynamics, etc. on total systern performance.

Relating total system performance to handling qualities and evolving numerical

handling qualities criteria therefrom, is a considerably more difficult task

than that of specifying open-loop F.rformance criteria. The reason for this

difficulty is the wide variability (and adaptability) of the dynamics of the human

operator. Accordingly, attempts at creatng a priori cr:.eria for judging
total-system performance are usually descrtptive in nat-'-re. rather than

nurner-cal. For example, we find such statements as **the vehicle should be

capable of maintatning a straight and level flight pa-h •'t:h a minimum of effort

4 See Referencc 0. for example.



I
I

on the part of the operator". Thus it is very often necessary to resort to

closed-loop simulation techniques, with pilot included, or to full-scale
vehicle tests in order to make some headway into the problem of defining the[ handling qualities of the total system. The extensive experience in the air-

craft handling qualities field is notable in this respect.

I The above discussion indicates that the objectives of the present program,
as undertaken by Cornell Aeronautical Laboratory, Inc., are necessarily

*limited to a consideration of handling qualities as related to open-loop
performance. Considerations of this type have been noted earlier and are[ treated in various sections of this report.

0 AII

1
I

* I

I
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1.

VIII

iiFUTURE WORK

V

I Plans for future work are outlined below, in the form of five broad task state-

ments. With the possible exception of the hydrodynamics studies, none of the

tasks is considered to be completely independent of the others, and no

particular chronological order is implied.

STASK 1: Submarine Hydrodynamics

SReview the hydrodynamic theory developed by CAL and compare this with the

theoretical and experimental work performed by the Netherlands Ship Model

Basin. Attempt to arrive at a useable working theory for the unshrouded

propeller hydrodynamics. Examine the applicable experimental results of the

work of the NSMB related to shrouded propellers and hull hydrodynamics and,

- if possible, apply these results, in the form of simple modifications, to the

present theory.

TASK 2: Performance Optimization

1 Investigate the problem of optimizing trimmed-flight operating condit:ons at

zero and low forward speeds and at high speed. Take into account realistic

S power plant considerations, single and two-propeller performance goals and

the trade-offs between these factors and geometric confiurat:u,_n factor,.

1 105 AG- 1.34-V-2



Arrive at optimum design operating conditions and trim settings with the present

configuration (16 blades, 3 ft 2 blade area, 50 rpm max. propeller speed), and

an indication of design trade-offs achievable with other configurations.

TASK 3: Stability and Control

Perform such analog computer studies as may be necessary (high-speed case)

to assist in the performance optimization task discussed above. Repeat the

high-speed single-plane studies reported in Reference 1 and this report, if the

results of Task I indicate that a revision is necessary in the applicable

equations of motion. Perform a six-degree-of-freedom analog or digital com-

puter simulation of the zero and low-speed cases. Investigate the medium

speed regime" analytically or via single-plane computer studies. Compare TPS

performance with a conventional submarine and make final assessments of

overall feasibility of the TPS concept as it relates to stability and control. On

the basis of all previous work devise an ah-speed preliminary cok :-ol system

configuration and attempt to judge the handling qualities of a TPS equipped with

such a control system.

TASK 4: Impaired Operation

Select and investigate certain off-trim operating conditions which may arise due

to failures or faults in the control system or its components, or to the appli-

cation of external disturbances '., the TPS. Examine such evidences of impaired

operation as locked or jammed propellers, power failures, loss of control

signals, etc. Utilize the single-plane analog computer mechanizations of

Task 3, if necessary, in order to investigate these impaired operating

conditions.

TASK 5-- Control System Design

Utilizing the theoretical control system configuration of Task 3 as a point of

departure, formulate a practical control systcm des:.4n, Specify control system

component performance requirements and indicate %%avs of sensing the necessary

:tabilization and control signals. Inditate and define the features of automatic

modes of operation, includ~ne depth-keeping, course-keeping and roll stabiliza-

t-on. Define the elehnents of thc man,;al control mode of operation. Draw on the

,t.Lb:l:.v and control studhev. to describe .ianual cotn r.A of the TPS in une-degrec-

,-frc-dom. an:d ini-craction. -r coupl.n. :•ith cther decrees-of-freedr.

AG-134-V-. 1-Th
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I

The work-plan outlined above will form a logical continuation of the effort

started under Contract Nonr 3659 (00) (FBM). It is designed to provide a

[ sound basis for a final ju.dgement on the feasibility of the tandem propeller

concept as it relates to stability and control, and handling qualities. The

j broad objective of the program is to bring to a satisfactory conclusion the

lines of investigation started in the current study and to extend these investi-

gations, where necessary, to achieve the following goals: (1) the determina-

I tion of overall feasibility, and (2) a preliminary dlesign of a TPS control system.

I1II

I

I
I
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I APPENDIX A

[ LOW-SPEED AXIAL-FORCE INTEGRAL

[
The average axial force is obtained by integrating Equation 4. 1-6 over one
cycle and dividing by Z'7r. These integrations can be performed in closed

form only if the collective pitch,,S' , the amplitudes of the cyclic pitch com-

ponents, 1and Sz. and the velocities and r. are constant. The inte-

gration is approximately valid if it is assumed that these variables change

j slowly with time over any one revolution of the propellers. Unless this

assumption is made the vector propeller forces must be calculated for each[ individual blade, as a function of time, and superposed. A dynamic analysis of

the automatically controlled submarine would become extremely difficult be-

[ cause it would be necessary to solve a set of simultaneous integro-differential

equations for each 3et of conditions corresponding to a postulated control system

configuration. The steady-state analysis is, of course, unaffected. Also, it

can be argued that the conditions under which the assumption noted above is not

valid correspond to conditions %%here unsteady hydrodynamic effects would also

be significant.

I
i
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The effect of the above assumptions on the wor& descri bed herein, and in

Reference 1, is dependent upon the severity of the transient phenomena I
involved. At high speeds ( A2 50 ) when, as a result of control action,

the peak propeller blade angles of attack change rapidly in ont. revolition of

the propellers, the results may bw: in considerable error over %hatever time

interval is involved in the transient. If these variables change relatively slowly, I
the results are quite accurate. At low speeds the effect of the above assumption

is mitigated somewhat by the fact that all transient phenomena will be in-

herently "slow" phenomena because of the low force/moment le-,els involved

and the large massfinerlia of the submarine. i
The equation that predicts the average axial force follows:

p A111 , Z .).j;,,, I o :+ .,

./4- W/ )/- V-[I 4 s -
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or

I -,-

SEvaluating the integrals over one cycle:

•T14 ,&,.. 4 0,0,.,-,_ V/•,+,'" o• "
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In collecting the integrals all terms involving ff#Sand '"

a thdiscarded and the substitution

I
I

then b 7

2. 2

I~22
[~1 "Y0,A.,y'z

[ -( .-13'( •[j
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I APPENDIX B

F STABILITY DERIVATIVES AND CONTROL

COEFFICIENTS - SINGLE PROPELLER OPERATION

Consider the case of a locke A forward propeller and a rotating aft propeller.

-- The propeller derivative rr (i. e. side force due to sideslip velocity) is

basic in the calculation of all of the non-zero propeller derivatives. As

noted in Reference 1*I

30 ___ __ __ ___Z (B-I1)

It is apparent that Equation (B-l) cannot be used in its present form to

calculate 3, y . because 0. This problem was resolved by

substituting , as defined in Reference 1, page 25, and taking the

limit value of the combined expression as . 4  approaches zero., Further,

from Equation (6-7), Reference 1, the trim rolling moment is given by:

L Z
/tA //= M •o(•A• /•//-2)

I * /A~~/~ ~ becaus;e the rolling moments are blnc o
trit-mmed operat:on.

IAG- It,3--V-



Substituting Equation (B-2) into the ,4rrtit form of Equation 1,B-l), the final

expression for is obtained as follows:

The aft propeller value of YZA.)4 can be computed directly from Equation i
(B-i) after the required values of /ZYX,/and 442 are determined.

The combined propeller contributions to the total value of the stability

derivatives are computed from the following equations, taken from 1
Reference 1. pages 28 and 29:

4/ . YPVt ,"yP ")•

YJv / YI Y, j I

#4 1

I
N- Al X I

The terms lbI /. are negig~ible.
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The stability derivatives of the hull are directly proportional to submarine
sIeed. Since the single-propeller trim speed is 61% of the two-propeller

value, the corresponding hull derivatives must be reduced to 6150 of the

values listed in Table 6-2, Reference 1. The modified propeller derivatives

must be added to the modified hull derivatives to obtain the total derivatives

I that apply to the case of single-propeller operation.

I In order to estimate the amount of control power required to counteract

the gyroscopic coupling resulting from unbhianced operation of the pro-

[ pellers, it is necessary to compute (1) the angular momentum of the

rotating propeller, (2) the pitching moment control coefficients, and (3) the

T propeller stability derivatives, /A?,-and -It is shown later in this

section, that knowledge of these quantities is both necessary and sufficient

for this estimate.

The moment of inertia of the rotating propeller about the longitudinal

- axis of the submarine was calculated on the assumption that the complete

propeller and drive assembly can be approximated by a right circular

- cylinder with an outside diameter of twenty feet. an inside di;,-neter of

fourteen feet, a length of 3. 5 feet, and a weight of 125 tons (see Reference 4).

The polar moment of inertia of the propeller was computed to be.'

=000 Z-67?C5ec

For a propeller angular velocity of 50 rpm, the angular momentum is found

to be:

A' A a ~ c~o(~)(0) zz. o e 56'C.

I -
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The pitching moment control term is given by:

where: -Me and ,$4 ur--,; see Equations (7.2-16).

The yaw-pitch coupling derivative, M7 is defined in Reference 1,

(pg 29) to be:

The individual terms in Equation (B-5) are, in turn, defined in Table 5-2,

Reference I*.

*The indeterminate form that results from attempting to compute /.IA1•i),

when .. -047 , is resolved by substituting )r (Reference 1, pg 25)

and taking the limit as AC approaches zero. In addition, the trim thrusts

of the fore and aft propellers are found from:'

Fo) { --/: ,w" ( '•-Av," .. 2 4A')

AG- 1•34-V-2 120
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I

Table B-I tabulates the numerical values of the yaw-plane stability derivatives

(plus the yaw-pitch plane coupling terms) that prevail for single-propeller

operation with the aft propeller thrusting. Note that, unlike the case for

balanced operation,.. and /A,. are non-zero, indicating that yaw-pitch

* coupling is more severe for the unbalanced operation case.

When the aft propeller is locked and the forward propeller is thrusting, the

individual propeller derivatives can be computed by interchanging the sub-

scripts &. and -/ in Equations (7. Z-16). (B-2), and (B-3) and substituting

numerical values in the expressions for the total derivatives. The results are

tabulated in Table B-Z.

3*LA

¶
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TABLE B- I

SINGLE PROPELLER OPERATION - AFT PROPELLER THRUSTING

Function Fwd Prop Aft Prop Hull Total Units

_a 0 so 0 5 rpm

S14.7 4.8 " - deg

2r 90 23 -. deg

A 1.0 -1.597 " "

Ar 1.o -2. 11 - "
lel ooz I o - - ft-lb

'r4,/ 291,000 291,000-ftl

-3320 50,000 - lb

-5.66 x 106 -16.91 x 106 - ft-lb/rad

-51,400 -154,000 - - ib/rad

K<A -1. 13 x 10i -3.38 x 106  - - ft-lb/rad

MX 5.66 x 106 16.91 x 106 - - (t-lbltad

Y;- -4330 -2390 -38,690 -45,410 lb-sec/ft

Y*'- -476.5 x 103 -Z6Z. 8 x 103 -763 x 103 -977 x 103 lb-sec Irad

Y** 0 0 -283 x 103 -283 x 103 lb-sec/rad

N3. -476. 5 x 10 -262. 8 x 10 -4.38 x 10 _ -4. 59 x 10 ft-lb-sec/ft

-52.42 x 106 -28.91 x 106 -101 x 106 -182 x 106 ft-lb-3ec/ra

/0 0 0 -1.70 Y 106 -1.70 x 10 ft-lb-se,:/ra

K/v 0 0 -28., x 103 -216 x 103 ft-lb-vec/ft

&"& 0 0 -17.3 x 106 -17.3 x 106 ft-lb-se./ra

"P -524 x 103 -28A x 103 -6. 54 x 10 -7. 35 x 106 ft-lb- s-c/ra

7- 11,840 18,910 30,750 lb-seclrad

/5. -1725 5A,450 57, 700 ft-lb-c --If

-1 . , x 10, -4.4t x 106  5 x 10- ft-lb-eclr.a
b 6

All 0 2.72 x 10 2.72 x 10 ft-tb-s.c/rcl

AGME9m- 1•ý-F '2 2



I
I TABLE B-2

SINGLE PROPELLER OPERATION - FWD PROPELLER THRUSTINGI

lFunction Fwd Prop Aft Prop Hull Total Units

& 50 0 - rpm
oc 4.8 14.7 - deg

j 6 23 90 deg

A . -1.597 1.00

A ir -Z. 11 1.00
S291.000 291,o000 - ft-lb

zo 50,000 -3320 - - lb

Ii S -16.91 x 106  -5.66 x 106 - - ft-lb/rad

YS -154,000 -51,400 - - lb/rad

I " -3.38x 106  -1,13x lOt' - ft-lb/rad
I',• 16.91 x 106 5. 66 x 106 - ft-lb/rad

I Y; -2390 -4330 -38,690 -45,410 lb-sec/ft
Y" -262. 800 -476,500 -763,000 -549,000 lb-sec/rad

1 Y 0 0 -283,000 -283,000 lb-sec/rad
A4.- -262, 800 -476.500 -4. 38 x 10 -4. 17 x 106 ft-lb-sec/ft
Al," _Z8.ul x 1o6 -52,42 x 10 1 -10 x 106 -182 x 106 ft-lb-sec/rad

A-0 0 -1., 70 x 1o6 -1.70 x 1o6 ft-lb-scc/rad
* . 0 0 -286,000 -286,000 ft-lb-scc/ft

SK 7'- 0 0 -17.3 x 106 -17.3 x 106 ft-lb-sec/rad

1o -28Q. 000 -524,000 -6. 54 x 106 -7., 35 x 106 ft-lb-sec/rad
I -1 10 -11,840 - 30, 750 lb-sec/rad

V;OL -:;. 4;0 1725 - -57, 700 ft-lb-sec/ft

t1,c -4 4r, x 10• -1,4) x lO -5. 95 x 106 ft-lb-scc/rad

2H . 72 x 1o0 0 - 2 72 x lob ft-lb-sec/rad

I
I
1 123 AG- 1b34-V-2



17

I, I

II

I APPENDIX C

j PROPELLER-INDUCED AXIAL INFLOW VELOCITYI

An expression for the axial component of propeller -induced inflow velocity

(derived from combined blade eiment-momentum theory) that includes the

effect of forward velocity, is given in Reference 10 an:

1ze (C-l

in which is the propeller blade chord and all other symbols are as

previously defined. If the following substitutions are made:

B = 'C'4/z.' 5 2 (for the postulated configuration)

I A-. --. 7

I

SI I



(C-1) becomes:

-' 1. . + /÷_ 2o•'r. J (C-2)

The inflow at hovering conditions, Equation (4. 1-38), was found by letting
S= 0 in (C -?) and curve-fitting a quadrat.c to a plot of 4 4. 4 . vs

The following expression:

Od (C-3)

was obtained with - .95 and = -1.0, and yields values of j accurate

to within better than 10% for up to about 0.3 rad. The values of 4 and

given in Reference 1(. 86 and -. 60 respectively) are considered to be less

accurate than the values cited above for the conditions that actuaily prevail.

For the low-forward speed work of Section 6. 3 a form of (C-2) is used in which

the square-root term is replaced by the first two ter.-rs of a binomial expansion.

This procedure is fairly accurate if the second term ",nder the radical satisfies

the cestr:ction* that

___ ___ __/

I(C-4)

Thus, (C-2) becomes.

__ __ (C -5)

F", cond-tiion showild b,- , hc Nkc( for each ca,.e bei..: coný;•crc-=.

G 1-1 1 -I I t


